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ABSTRACT

This report covers the work done in the Department of Physics of
Oklahoma State University under contract number DAAG 20-80-C-0052 supported

by the U.S. Army Research Office, Research Triangle Park, North Carolina

from January 15, 1979 through January 14, 1932. The research involves the

u utilization of laser optics techniques such as time-resolved site-selection
spectroscopy, photoacoustic spectroscopy, and four-wave mixing spectroscopy
to characterize dynamical optical properties such as energy transfer and
radiationless relaxation processes in phosphor and laser materials. The
materials investigated included stoichiometric laser materials such as
neodvmium pentaphosphate and neodyvmium aluminum borate, and lightly doped
laser materials such a3 neodymium doped vttrium vanadate, garnets and
zlasses. In addition, several theoretical approaches and computer modeling

I technigues were developed for analyzing the properties of energy transfer

among icns in solids. Some of the important results obtained in this work
include the direct measurement of the exciton Jdiffusion coefficienr in
crvstals, the measurement of the ouantum efficiency of Nd“~
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in various hosts. and the development of Monte Carlo modeling techniques

for describing energy migration on a random lattice.
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I. INTRODUCTION

The purpose of tais research was to enhance our understanding of the
dynamical properties of optically pumped solids having potential applications
as laser and phosphcr materials. The major research goals stated in the
original proposal have all essentially been accomplished. The important
results obtained during the three vears of this contract are briefly outlined
in this section and presented in detail in the remainder of the report.

I.1 Summary of Research Accomplishments

The research work performed under this contract can be divided into
four thrust areas as listed in Table I. The first of these is Materials
Characterization. It is important to compile as much information as possible
about the properties of optically active materials to be available when
specific design requirements are generated. This is especially important
in a field cuch as electro-optic technology which is advancing rapidly and
finding many new applications. The second thrust area is to obtain a better
understandirg of the fundamental physical processes underlying the optical
properties of active materials. Of special interest are processes which
lead to the enhancement or guenching of the optical emission. The third
thrust area is the development of new theoretical approaches and computer
mpdeling techniques to provide greater accuracy in interpreting experimental
data obtainred on energy transfer among ions in solids. This has become
especially important with the availability of microcomputers which can be
easily interfaced to laboratory equipment for data acquisition and analysis.
The ability to use a three-pronged attack on a problem invelving experi-
mental, theoretical. and modeling work provides a powerful method for in-

vestigating the rhysical properties of solids. The final thrust area is

the development of new experimental technigues. These involve using the
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Table 1

Research Thrust Areas

CHARACTERIZATION OF MATERIALS

NdeI-xP5014

Ndeal—xP5014
NdA13(803)4

YLO '.Nd
4

Nd3*
Y ALLO, 5:Nd

NGt
Y3(A10.50a0.5)5012.Nd

Nd3Ga5012

Nd:Silicate glass
Nd:Germinate glass
Nd:Phosphate glass

Nd:Pentaphosphate glass

EuxYl_xPSO14

P
A1203.Cr

DEVELOPMENT OF THEORETICAL AND
MODELING TECHNIQUES

Monte Carlo methods for energy migration
on a random lattice

Fast diffusion energy transfer with direct
interaction

Energy transfer on a discrete lattice

Theory of degenerate four-wave mixing for
diffusion measurements

UNDERSTANDING QOF PHYSICAL
PHENOMENA

Exciton dynamics

Ion-ion interaction

Radiationless and vibronic
Jecay processes

Concentration quenching

DEVELOPMENT OF EXPERIMENTAL TECHNIQUES

Time-Resolved Site-Selection Spectroscopy

Photoacoustic Spectroscopy
High Pressure Spectroscopy

Four-wave mixing spectroscopy




special properties of lasers in new spectroscopy methods.

The materials characterization effort focused on Nd3+—doped samples,
especially mixed pentaphosphate crystals, mixed garnet crystals, and glasses.
Other samples wh.ch we initially anticipated studying were not investigated
because of the lack of time and the greater interest in those materials
which were chosen to study. Three results of major interest came from this
work. The first is a better understanding of the low quantum efficiency
of YAG:Ncl‘B+ laser crystals. Our phtoacoustic work described in Sec. V.1
verified the quantum efficiency of controversy in the literature. This result
coupled with the results of the work performed on our previous Army contract
(DAAG 29-76-G~-0009) showing that efficient energy transfer takes place among

-

Nd”” ions in nonequivalent crystal field sites in this material has led

Pr. L.G. DeShaser of Hughes Research Laboratories to perform an investigation
of the effects of hydroxal ions in YAG crystals and he has developed a model
attributing the low quantum efficiency to energy migration and transfer
to "killer sites" which are Nd3+ ions near to hydroxvl ions. This points
the way to new crystal growth and heat treatment methods which will greatly
improve the efficiency of YAG lasers.

The second result of major importance is a better understanding of
the concentration gquenching mechanisms in stoichiometric laser materials
such as NdP5014. The various measurements performed for the characterization
of this type of material are reported in Sec. III. The final results indicate
that below about 10% Nd3° concentration, ion-ion cross-relaxation causes
the fluorescence quenching whereas at higher concentrations the quenching
occurs by efficient migration to killer sites. These sites are not associated
with hydroxal ions and approximately 10% of them mayv be surface sites. The

exact nature of these defect centers has not vet been determined.

The third important result involved with material characterization

is described in Sec. IV.3. where the properties of energy transfer among




o

Nd3+ ions in different types of glass hosts are discussed. The efficiency
of energy transfer is found to vary with host composition as the spectral
overlap and Judd-Ofelt parameters change. Also the phonon-assisted nature
of the energy transfer is found to be very sensitive to the type of glass
host involved.

One of the major goals in the thrust area of understanding physical
phenomena was to elucidate properties of energy migration in heavily doped
materials. Studies of mixed neodymium pentaphosphate crystals described
in Sec. III.3 show that at room temperature migration occurs by a diffusive
mechanism. Spatial migration takes place without spectral transfer and the
excitons travel over distances of the order of 0.3 km. Time did not permit
extending these measurements to low temperatures to attempt to observe
coherent migration but this work will be careied out in the near future.

For other rare-earth pentaphosphates such as Eus‘ it was found that spectral
energy transfer takes place by a single step process at both high and low
temperatures (see Sec. II.2).

The two results of greatest importance in the are of theory and modeling
techniques involved the development of methods for using microcomputers
such as our LSI-11 system for doing complex simulations of physical situa-
tions. The first of these uses a Monte Carlo method for describing energy
migration among ions on a random lattice. It is shown in Sec. II.1 that
explicitly accounting for the random nature of the distribution of ions
in this way can result in values for energy transfer parameters which differ
by a factor of two from those obtained from analytical thecories whicch assume
a uniform distribution of ions. The second modeling technique involves
explicitly accounting for the discrete structure of the lattice in describing
single step energy transfer. The work described in Sec. II.2 show that for
low concentrations of active ions the results are equivalent to those found

from analytical expressions which are obtained after making a continuum
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lattice approximation. However, for highly concentrated materials there
can be more than an order of magnitude difference in the parameters predicted
by the two approaches.

Three major areas were de&eloped involving new experimental techniques.
The first of these was the use of photoacoustic spectroscopy to measure
quantum efficiencies of laser materials as described in Sec. V.1. Although
it was shown that this can be done, the technique is not more accurate or
easy to perform than other methods currently in use. In Secs. I1I.2 and
V.2 spectroscopy methods using high pressure diamond cells in conjunction
with laser excitation sources are discussed. Pressure measurements add
a new parameter to vary in spectroscopic studies along with temperature,

concentration and time. The ability to highly focus laser light makes a

laser an ideal source to use with small diamond anvil cells. This has
greatly enhanced the potential importance of high pressure spectroscopy.
Four-wave mixing spectroscopy was developed to establish and prove transient
gratings in doped solids as described in Sec. III.3. This has distinct
advantages over other coherent transient techniques such as free induction
decay since the mestastable state under investigation does not have to be
pumped directly. This is a powerful tcol for measuring spatial migration
of energy without spectral diffusion and our results represent the first
direct measurement in the exciton diffusion length of a stoichiometric laser
material. In addition to the development of specific experimental methods
as discussed above, much time was spent in interfacing our LSI-11 micro-
computer system to our laboratory equipment. This has greatly extended
the capabilities efficiency with which data can be acquired and analyzed.
I.2 Publications and Personnel

The work performed during the three vears of this contract resulted

in ten publications and twentyv-five unpublished presentations and collogquia.

These are listed in Table II.




The personnel making major contributions to this work include the

principal investigator, Richard C. Powell, professor of physics, and two
graduate research assistants C.M. Lawson and D.K. Sardar who received their
doctoral degrees during this time period. Their theses are listed in Table
II. One other graduate student, J.K. Tyminski, as well as three under-
graduate students, D.P. Neikirk, E.E. Freed, and G.P. Quarles, have been
supported by this contract. Two visiting professors in the Physics Department
also worked on this project, R.C. Chow and L.D. Merkle. Also it was a
pleasure to collaborate with J.G. Gualtieri of the Army Night Vision and
Electro-Optics Laboratory, W.K. Zwicker of Philips Research Laboratories,
and M.J. Weber of Lawrence Livermore National Laboratory on certain aspects
of this project.

Supplemental support for some parts of this research was provided by

a grant trom the Materials Research Division of the National Science

Foundation.
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II. THEORY AND COMPUTER MODELING

This section is divided into three parts. In the first section the manu-
script describes a Monte Carlo technique for treating energy migration on
a random lattice, and a new theoretical model for treating energy transfer
in the case in which weak direct sensitizer-activator interaction acts as
a small perturbation on energy transfer by diffusion among sensitizers. In
the second section the model outlines the treatment of energy transfer among
ions on a discrete lattice and shows the importance of using this theory
in describing energy transfer among ions in heavily doped solids. The third
section describes the development of the theory of four-wave mixing in the
configuration which is useful for studying exciton dynamics in solids.
Appendix A reproduces some theoretical aspects of this problem that are impor-

tant in developing the final analytical expressions.
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Models for energy transfer in solids

H. C. Chow and Richard C. Powell
Pepartment of Phvsics, Ohlahoma State Universuy, Sudlwater. Ohklahaoma 74078
(Received 16 October 1979)

Two new approaches for Jescribing the dynamues ol energy transter in solids have been
developed and are described here. The first is a4 method for treating the case in which weak
direct sensihizer-activalor interaction acts as a small pectucbation on energy trunster by diltusion
amonyg sensitizers. A technique involving 4 propagator expansion and the Born spproximasuon
i the interaction strength 1s used to solve this problem. The second approach 1s & Monte Carlo
techmique to simulate tne migranon of energy on a random distribution of sensitizers. Vhe pre-
dicnions of both these models are compared 10 expernimertal results snd 10 the predictions ol

other theoretical modets. In their regions of vahdity they predict sigmiticantly different results
than those ol the models commoniy used  The models developed here are applicable 1o many
important matenials such as those used tor rareé-earth lusers.

I. INTRODUCTION

The transter ol electronic excitation energy
between iuns of molecules in a solid has been the
subject of many @ 2stigations for over forty years.
Recently there has been increased interest in charac-
terizing this process in malterials used for laser and
phosphor applicatuons. Energy transfer can be used
to increase the pumping efficiency of the acuve ions
or molecules in these materials but it can also cause
decreased fluorescence emission through concentra-
ton quenching interactuions. Despite the significant
amount ol interest and research activily in this area
there are sull some important aspects to the problem
ol energy trunsfer which are not well characterized
and understood The work described here treats two
aspects ol this problem which have not been satisfuc-
torily accounted for in previous developments.

Energy transter is generally treated in one ol two
limiting cases. The firstis & direct transfer from an
axcited "sensitizer” to an unexcited "activator.” The
theory describing this "single-step process” has been
developed in the classic papers of Forster' and
Dexier® with problems such as the effect of cundom
disorder being attacked recently.’> The second case
15 that of energy transter to activators afler multistep
dittusion among sensitizers. he description ol this
exenen” diffusion energy trunsfer was first devetop-
ed by Frenkel,” Triifaj,” and Forster.! A major prob-
lem 0 studying diftusional energy transter is how to
separate the properties of diffusion among sensitizers
and the properties of trapping at an acuvator site
from the total energy-transfer properties which are
measured. Several theories have been proposed o
account for simuitaneous sensitizer energy diffusion
and sensitizer-activator interacuon® ™Y but the finai
solutions of each of these theories tnvolve assump-
tions which limit their validity to specific cases. One

u

important case to which the currently available
theories do not apply is one in which the direct
sensitizer-activator interaction s smaltler than the dif-
fusional term but not small enough 10 be negligible
A theoretical descripuion of this case is developed n
Sec. I ol this paper and several cases where it may
apply are discussed.

A second problem involving multistep migration ol
energy concerns the spatial distribution of sensitizers.
All the standard theories assume o umiformly distri-
buted lattice of sensiizers so that the random waik of
the exciton can be described by u single average hop-
ping tme. This picture should be vahd for “hosi-
sensitized” energy transter or other situalions INvolv-
ing igh concentrytions of sensiiizers butl it s certuin-
Iv 4 poor approximation i’ the seasitizers are random-
ly distributed impurities with low concentrations. In
Sec. L of this paper we describe a Monte Curlo treat-
ment of this problem and compare the resulis 0 the
predictons of existing theones and experimental
results

1. EFFECTS OF DIRECT SENSITIZER-ACTIVATOR
INTERACTION ON DIFFUSIONAL
ENERGY TRANSFER

In this section we consider the situation in which
energy transfer includes both diffusion among sensi-
tizers and singie-step resonant transfer between
sensitizer-activator pairs. Yokota and Tanimoto?
treated the limiting case in which the one-step
transfer is dominant and the diffusive contribution iy
a small perturbation. They developed an interpota-
tion scheme for the time dependence of the excited
sensitizer concentration in this limit. On the other
hand, 1f diffusion is the more important of the two
transfer processes, the usual treatment'™ ' 15 o0 as-

3785 ©1980 The American Physical Society




3786 H. C. CHOW AND RICHARD C. POWELL 21

sume some {inite trapping radius for the activators
outside of which diffusion takes place, while neglect-
ing any direct, single-step sensitizer-activator inlerac-
tion Here we will consider the fast-diffusion regime
and specilically examine what effects the single-siep
transfer might have on the time development of the
excited sensitizer concentration otherwise depleted by
diffusion.

The equation governing the excited sensitizer con-
centration n ( T.1) including both dilfusion and
single-step transfer is “-

n(T.0/31==Bn(T.0+DVn(T.0)
- Sw(r=R)n(F.0 . th

Here 8 is the intrinsic decay rate of the sensitizers, D
15 the diffusion coelficient, R, is the position vector
for a given activator, and v(T —R,) is the interaction
strength for a given sensitizer-activator pair. In this
development the interaction is taken to be of the
common electric dipole-dipole type, and thus

vt - i-i,) varies inversely as the sixth power of

T -R,|. The solution to Eq. (1) must eventually be
averaged over the configuration of activator distribu-
uons, which is g difficult task. With the assumption
ol a2 uniform acuvator distribution, however, Yokotu
and Tanimoto® have shown that the problem is re-
duced (o averaging the solution of a single-center
problem, in which an activator acting as an absorber
15 located at T~0. For this case

antrayjar=—gnlet) + DI n(r.) —ulr)nlr.)

where

SRR I S N
v r a’{r arl

is the isotropic Laplacian operator. The general solu-
ton 1o Eq. (2) can be written as

nirg) = Fexpl =gt —Dkine,(r) )
k

with @, (r) obeying the eigenvalue equation
{7i+hi=Dv(r)dlr) =0 . (4)

Because of the assumed r™® dependence of v{(r). no
solution to Eq. (4) can be found that is regular at
r =0 Nevertheless, it 1s possible'? 10 employ the

|

wlr.n) mdolr.t) +y(r0)

Fermi pseudopotential method to find the lowest
c.genvalue and eigenfunction, k¥ and ¢alr). respec-
tively, which according 10 Eq. (3) determine the
asymptotic behavior of the excited sensiizer concen-
tration. In this approach ¢, (r) thus determined s
wdentically zero for a fimite distance, 0 7 = q, the
so-called scattering length.

The above remarks serve 1o justify the use of an
approximate potential in Lieu of the exact dipole-
dipole interaction. Namely, we let

u(r)'EUo(/)+ll(f) (5)
in which
0. r>a .
volr) = o r<a
6}

ulr) -[u/r". r>a .

With the use of this approximate potential, the kinet-
ic Eq. (2) is solved exactly except for w{r) which s
treated in the Born approximation. Such a solution
clearly corresponds to the case in which energy
transfer via diffusive migration 1s stronger than
transier by single-step electric dipole-dipole resonant
transfer.

The method of solution is based on the well-known
propagator expansion.”’ Upen writing (7.1}
=¢~Ay(r.1), it is seen because of the linearity of the
operations in Eq. (2) that the temporal and spatial
development of ¢(r.7) is governed by

~d

tll(f./)-fG(’.Iqu,/o)lIl(fc.lo)(’r() (7

in which the propagator or Green's function
Gr.tirg.19) obeys the equation

1 =9/t + DV = vl G rilrgt,)
=5(r—rg)8(r—19) . (8)

where 5(x) is the Dirac 8 function. [f instead of the
full electric dipole-dipole interaction, one solves tor
the Green's function for the approximate potential
L'o(f)

[=8/31 + DV =l r)1Gylr.ilrg.iy)
=5(r —rg)8li—1,) (9)

then the objective enunciated in the preceding para-
graph is accomplished by obtuining

-f(jo(r.llr.)./',)w(rr,,h))(/rn—fGU(r.l[n.I;)u(n)(fn(f|./|!r(,.lu)w(ru.lo)(1!‘.(//1(1/0 . )

We determine (7,(r.0ir,. 1) 5y the method of image. Upon writing

Godrotry )y =r Y Grt' ry g
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Eq. (8) reads

{=a/80+ DA art) = vy G Urit]rg ) mrydle =000 = 14) (1

The etltect of vyts) 1s accounted For if 1t s requrired that ¢t 7o) vanishes lor 7 = o This may b2 awcom-

plished by ntraducing a source of steength rg at 7 =7, and an unage soufee wt = 2o -, lesding 1

A ) IR e —=1,) . l ( LaD Ny
Gulrtiryly) = — -—————— —qexpl —r -+ f=10)
Y Y PO TP

~expl~=tr « 0, =20y 4DV =0V =G ey

where BUY s a unait Heavide step funchion For uniform imbial excitation o sensiuzers, oty o = g =
the resutlt s

% d
=l - = - Zoert

r r

wiich .y wdenueal 10 the result’ deseribing the diffusive nmugration of excied sensitizars i 1ne prosenee o o rap
ol radius o

The ertect ot concurrent single-step electric dipole-dipote resonant transter from sensiiz2r o aCls glor s o
wined in the next term n the Born approximation

A.'/;(r.l)-f‘lr,u(rl)K‘ﬂl]rg) , v4)
A here
n, r ¢ R . .
Atre r.’-————l —‘—lr—’cxpi —r = AD = mexpl = s s =2 3D -1y

(1t s o oy

Further progress can be made with the aid of the following integrals twhich are Jderivable 'rom the resulls in the
sppradiv ot Rat 13)

vl y
- s , : - ) : . e
——reapl = B ARG — =2 eapt = B 4D - ll 3 erle -—
J oy 8 extenet = A D | LRl R
J —~I>r-'-*cx;1[ TR LA § S vy et
T EYEIEE
) 7 f :}
r = N = o ‘
=':r!|~—-" d Zoreapl = ¢ 2apn - < ioerte e L
{ 4D P Led -,I
1
L N DA
Dyt 40
1743 had NI e :
e
tay s Yooy capue s Bic-ar
Awhea b= f 7T dr s an avponential ontegral. Then Fag 715 can be wriien s
A u/a-u-'j N U I B T iy
t3sin [t
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where
Fun = |2 2 vert |- L aviem o Caf ) 2 x| err |'(~|-——
: u 14D ‘ (4D1)'"?

. -4 Ml -a)?
l‘_r(.\') -

’] .
(aD) 7! 4D

—JIX| f- -’I f-
Fta = -(—‘NW rruulmlll dve Urllie ~aily “

-

Rather than finding the explicit space and time
Jependence of the excited sensitizer concentration
which entails a further integration in Eq. (14), 1 is
expedient 10 obtain the ime-dependent energy-
transier rate & (1) which is also accessible experimen-
tally. The latter 15 related to the total umount of ex-
atation N (1) via't

]
\'/(l)-.\.’(l)e"-:\'oexp|—J;k(l')d/'] (n
{t 13 also customanly treated as the quantity that ap-
pears in the rate equaton
AN D jdt ==k (DN, {18}

1115 ¢clear that the 1wo definitions are equivalent only
in the limit that | A (/')dr’ is much less than unity.

To proceed further, Eq. (2) 15 integrated over the
volume of the sample {1 and the first identty of
Green invoked 10 obtain

AN (1), 31 =—d4ma’D

v
—a—,l,-,—fu(f)dl(l,l’ dfNl
(19)

Comparison between Eqs. (18) and (19) leads to the
expression for the time-dependent energy-transfer
rate for the case of .V, activators per unit volume,
correct to the first Born approximation

Qg +_‘3_W_l
ar  dr |,

N2

o

A7) = ldwa:D

*fu(r\wo(r.l)d(lI (20)

The three factors that appear in Eq. (20) have ruther
obvious physical interpretations. The first factor has
the expiiait form

hotr) mdwDaN 1l +a(w D)~ a2n

and 1y simply the rate at which excitations arrive dil-
tusively at the surfaces of the sctivator traps. [t has
heen used 4 the standard result’' ' Tor the ume-
Jependent energy transfer in the {ust diffusion re-
gime  The generalized random-waik nradel’ which
icludes an extended trapping region viclds the same

e-l

2

{

time dependence with a somewhat different interpre-
tation of the physical parameters involved. The last
factor in Eq. (20) is the integrated amount of excita-
nons weighted with the probability per unit ume of
making a single-step transfer 10 an activator. Thus
represents the rate of energy transfer by a single-step
resonant process. The presence of such single-step
transfer has the consequence of diminishing the
amount of excitations available for transfer by dif-
fusive migration. This is accounted for by the second
factor in Eq. (20) which is intrinsically negative by
virtue of the fact that

qu: ngy f" . r—a
| =2 drutnere| L4
a oy D T e“lunn'”
x L—-Lcrl'c g—, . (22)
a 2 (400)'?

Thus the tme-dependent energy-transfer rate for
the case considered here may be writlen as
A () =ho(r) +%,(1) with ko being the usual diffusion
expression given in Eq. (21) and A, accounung for
the two effects of direct sensitizer-activator interac-
tion discussed above. For electric dipole-dipole in-
teraction the latter term becomes

47 Na 2 ", a r—-u I
k(1) -—?al—- +2rNga J: dr? erfcl(—w'—”ml
- a . r—a
-87Nyu L dlj EHC{W (23)

At this point 1t is necessary to use numenical integra-
tion to extract the exphcit time dependence of this
additional contribution to the energy-transfer rate
However, since 1t 1s readily seen that the magnitude
of A (1) varies from 47 Vea/(3a’) at 1 =0 10
—4mN,a/t15a%) 4s 1 — o0, 3 measure of the opimal
sigmficance of the effects of single-step transter in
the fast:diffusion regime may conveniently be chosen
as the rano &, (r=0) kgt —w) =a’/(3Da*). Tible
117 hists values of this ratio for o number of sys-
wems tor which fast diffusion has been wWdentttic
ttshouid be pornted vut that in the ubsence o any
uther theoretical considerattons, the values of «.
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TABLE I. Esumated importance ol direct sensitizer-acivator intecaclion on energy transfer i

the tast-ddTusion regime.

N hylr =)}
System a em®/sec) 1 teme/see) a (em) —_

Aottt — w)

TbyALO,, 1.2x10°% 1.25 x 107" 2.1 %1977 1.65 x 10?

Y 34 Y by Hog osF)° 1.8 %1074 22x 107" 203 « 1078 161
Eu, Cr: Glass? . SOx107% 60 x 1070 12x1077 0.134

Anthracene 1n Nuorene? 174 x 10722 Jaxio7? 369 x 10-8 92«10
Tetracene 1n anthracene® 1.78 x 12 3.1 <1078 | 84 < 107® 167 x 10"
Tetracene 1 naphthalene® 352x 1078 3 x10™® 1.37 2 10~® 10~ » 1070

‘Reference |6,
"Reference 17

“Estimated using @ =0.676La/IN* from Rel 8.

and D tisted in Table | have been determined by fit-
ting the experimental data with the standard diffusion
theory and are therefore not totally reliable for estab-
ishing or dismissing the importance of single-step
transfer in the fast-diffusion regime. [Note the in-
consistency indicated by the fact that the paraumeter
a/(3Da*) is larger than unity in several cases.] The
present calculation hopefully can provide some cri-
ieria for assigning the values of these physical quanti-
ties and for assessing the significance of resonant
transfer either by using an independently determined
set of parameters or by comparing the full time
Jependence of the energy-transfer rate to the experi-
menial results.

11l. HOPPING ON A RANDOM LATTICE

Another phenomenological approach to the treat-
ment of energy transfer which also enjoys rather {re-
quent use is based on the physical picture of excita-
tons hopping among sensitizers and from sensitizers
10 sctivatars. In the imit of many steps the results
of this random-walk approach are equivalent to those
ol the diffusion approach. The basic premises of
random-walk treatments will now be brielly re-
viewed.”'" Let p,(1) denote the probability that an
excited sensitizer is jocated at i, at time ¢, the equa-
ton for excitation migration is

dp, 1)

m -—Bp, i =S uwR -R)p, 1) . 129
[

The meanings of the other symbols are the saume as
those encountered 1n the last section except that R,
now denotes the position vector for 2ither 1n activa-
ror of .« seasitizer The solution to Fq. 124) must he
sveraged over the conhiguration of achivator-sensinizer
distithutions and the result destgnated by e may

17

YRelerence 15
“Reference 14.
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be correlated to, for example, the luminescence emit-

ted by the sensitizer. 11 should be nated that Eq.

(24) neglects the effects of buck trunsfer from activa-
tor 1o sensttizer ions. This is justfied for systems in
which relaxdtion processes on the activator lake the

excitation out of resonance with the sensiuzer which

ts true for many cases that have been investgated

For systems where back transfer ;s not a neghgibie

process an additional term is present in Eq. (24)

I the excitations are incapable of migravon among
the sensitizers themselves, it is possible to solve Eq.
{24) und carry out an ensemble average over the uni-
form distribution of activators and the result, pl:)
for electric dipole-dipole interaction s’

plt)=expl ~B1 =(C,/Cyrlmpn)'*}

25)

where C, is the activator concentration and the "criti-
Cm . 4 _
cal concentration” is Co= (3 wR}) )™ Here R, 15 de-

fined as the distance between sensitizer and activator

at which the rate of energy transfer 1s cqual to the in-
trinsic decay rate: i.e., v(R) = gURo/R)®. If. howev-
er, the excitations may hop among sensiizers, the in-
teraction strength v(R) that appears in Eq. (24)
abruptly changes each ume a hopping 1akes place and
is therefore a random variable. By assuming that the
duration over which the interaction strength v(R)
does not change is distributed sccording to

r5'exp ( = 1/7g). and thus idenufving ro as the mean
hopping ume, Burshtein® was able 1o arrive at an

equation governing (/)

- =t/r ! —=t"1r
!b(”"})(l’(' ' O?TJFL bl )“)(,—/‘)(' “ ,,/otll

The solution for Eq. {261 cun be obtained by numen-
cal methods'? and gives results equivalent 1o those of
the Yokota-Tammota® theory n the appropriate limu
On the other hand, o Eq (24 15 10 He sugmented

(261
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with an additional term to account for the back
transter from Jctivator to sensitizer ions, the problem
is sigmilicantly more complicated* and indeed no ana-
iytic solution has yet been found.

The ment of Burshtein’s approach lies in its simpli-
city and its relative ease for numerical solution. [t
remains, however, an approximation. For example,
it is easily seen from the probability distribution for
dipole-dipole interaction in a random system® that
the corresponding hopping time distribution is pro-
portional to 1~"2exp ( — A1), where A is a constant for
a given concentration of sensitifers. For a small or
moderately large concentration of sensitizers this
funcuion tulls off much slower than the approxima-
uon used by Burshiein. The underlying difficulty in
studying hopping mouon on a random lattice as
described above 1s this possible wide distribution of
hopping umes. In the absence of better theoreucal
techimiques 1o handle such situations, we have resort-
ed 1o Monte Carlo methods to study this problem.
As will be seen, our study leads to rather different
results from those predicted by Eq. (26).

The essence ol the Monte Curlo calculation will
now be described. We generate a finite number of
excited sensitizers, allow the excitations to hop
around on a matrix of prespecified concentrations of
sensitizer and activator sites, and count the fractional
excitations that survive at various times. Intrinsic
decay of the excitations 1s easily accounted for and
thus s not explicitly consigered in this treatment.
The disappearance of excitations therefore occurs
sotely as the result of a jump onto 4n acUvalor sie
which has a jump probability dependent upon the
fractional occupation of sites by activators. The phys-
wal nature of the random distributions of the sensi-
tizers and acuvators and the ion-ion interaction
mechanism can be simulated by the generation of a
weighted set of random numbers to be used for hop-
ping umes. The standard set of random numbers
generated by the compulter are uniformly distributed
and must be transformed 10 have the desired charac-
tenistics. For example, the sensitizers must “bey the
taw of distribution of the nearest neighbor in . ran-
dom distribution of available sites (the Hertzian dis-
iribution).'t This law, in the representation of the
number ol available sites, v. 10 a sphere centered on
G osensitizer site and nterior to the nearest-
ne:ghboring sensitizer, s ¢ exp ! —ov), where ¢ is the
fractional sensitizer occupancy of sites. The sequence
ol numbers having such a feature 1s obtained from 4
sequence of uniformly distributed random numbers 7
via the expression v =¢ " in (1 —r)  (The last rela-
ton fuilows from equating the cumulative distribu-
tuons o the two sequences.) In a similar manner, we
require that the sequence of numbhers retlects the na-
nure of an electnic dipole-dipole interaction (which
talls o1t us 77"V an addition to that of a random distri-
~utinn ol sensitizers of a given concentration. The
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set of weighted random numbers constructed in this
way are then used as hopping umes for the simulated
random walk.

A computer simulatinn 1s thus constructed which
“observes” the hopping of each generated excitainn
having first insured that the excitation was not cregt-
ed on an activator site. The time tor each hop iy
selected from the weighted set ol random numbers
generated by the method described above  Thiy al-
lows the excited sensitizer on each step of the ran-
dom walk to interact with any of the other rundomly
distributed sensitizer and sctivator wons which reflects
the electric dipole-dipole nature ot the interecuion  In
this manner any spatial correlation s acenunied lor
Hupping is allowed to conunue unul cither of the fol-
lowing two events tukes piace: an activalor site s en-
countered or a partcutar hop tukes 4 longer tme than
the tme of nterest (in the present study. about tz2n
times the intninsic fetimes. The survivgl ume ol
each excitation s determined by calcuiating the sum
ol all 1ts previous hopping nmes belore being ter-
munated by one of the two ¢riteria mentioned previ-
ously. In the end, a bin sort 1s performed to deter-
mine the fracuonal number of excited sensiuizers that
have succeeded n avoiding any 4Cuvator siie 4t vari-
ous times. To ensure that correct random-numbper
sequences are used in the caiculation, the sequences
are tested and seen to obey the Hertzian distribution
Furthermore, the results are compared o test wheth-
er they are insensitive to different arbitrary cutoffs in
the random numbers used :n ihe calculation, ay they
should de if the proper distribution charactensics are
built into the hopping time and sensiizer position
distnibutions.

The results ol some 1ypicai Monte Carlo calcuis-
uons o! this type are shown in Fig. 1. For each run
an average hopping time is deternuned and is used ds
4n input in Watts's program*’ for integrating
Burshtein's equation. The predictions ol’ the Bursh-
tein approach, after being multphed by exp (1), are
also shown in Fig. | for comparison. In general. for
the same interaction strength, the Burshiein approach
predicts a faster decrease in the excied sensiuzer po-
pulation than does the Monte Curlo simulation. Note
that the concentrations used tn curve (a) are those of
4 tymical case of energy transfer smong Nd** ons in
yurium gallium garnet crystals which has been inves-
ngated recently.’’ The data shown in Fig. 7 of Ref
21 consist of the time evoiution of the intensity ratios
ol emission centers at (wo different crystal-tield sites.
lons in one type of site are selectively excited by the
specific luser frequency used, and energy transfer nc-
curs to wons in the other type of site. The intensiy
ratios for the three ditferent sets ol spectral transition
shown in the tigure are fitted with the same theoren-
cal parameters. A good fit 1o experimental data
under Jiscussion occurs for either the Monte Curlo
simulation with an interaction distance of 20 A or the




—

21 MODELS FOR ENERGY TRANSFER IN SOLIDS

o

,_
5. - %
.0
o

f SR H

;
g

[ =
o
’
g
K-d
1

-
) VU —

©
»

Dt eapipt)
SO ]

~

1Y

02 “ .

t

i

- . )
[+ N !
~ .

. ~a. ]
R A B LS A

gt

FIG 1 Comparison of Monte Carlo predictions of excita-
tan survival prabability, ¢(re® with the predicuons of
Hurshiein s theory. (a) For (=833 x 1073, (, =167

I g7 =25 x 1074 sec, and Ry =20 A. D gives the
Monte Carlo predictions and —— gives the Burshtewn-thzory
rredichion, gives the Burshiein theoreticsl prediction tor
“he samie concentranons but with Ry =11 A o) For
¢ =833 x107 =167 x 1077 g7 2 S X 107 sec, und
R,=20 Aa gives the Monte Carlo predicuons and =~ — s
the predicuon of the Burshtein theory. For the same con-
centrations but Ry =12 /:‘ the Burshtemn-theory predicuon is
given by ——- {c) For (,=833x1072 (,=17x10"%
S =25 x 1074 sec, and Rg=20 .;.: represents the Monte

Cario results and ~--

gives the Burshiein results. ——-
gives the predichion ol the Burshiein theory for the same

concentrations but with Kg=12 4

Burshiemn theory with a critical interaction distance of
11 A. Theoretical estimates {or Ry for this system
are closer to the larger value hut this must be con-
sidered us only a rough approximation because of the
complicated nature of the phonon-assisted diffusion
enhanced energy transfer in this system.?’

IV, DISCUSSION AND CONCLUSIONS

A rigorous, complete solution to the problem of
energy tramsfer among randomly distributed sensitiz-
ers 4nd activators is sult lacking. This is especially
rue i the addittonal complicauons of back transfler
‘ram achivators to sensitizers and random distribu-
Sons of transiion energies are included. Recently
there have appeared a sigmficant number ol theoreu-
sl warks on these and related subjects, among which
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may be mentioned the papers of Haan and Zwanzig.’
Huber,* and Holstein, Lyo. and Orbach.’ These gen-
erally use more powerful mathemaucal technigques
and starting with the elemental intesactions amung
sensitizers and activators, they seek (o elucidote the
connection between the behavior on the microscopic
scale und the somewhatl more phenomenologicat Jil-
fusion and rundom-walk models. The linal exact
solution (o this complicated physical problem has not
yet been obtained. In the preceding sections we have
concerned ourselves with several aspects ol both the
diffusion and random-walk models ol the energy
probiem with the objective ta supplemuent and clur:fy
some aspects of these exysting models  The virtue of
these models has been thetr cupability of being
brought into direci comparison with experimental
results and the more fundamental theories™’ by and
large confirm in the approprate limits the validity of
these phenomenological models. This provides the
rustification and possible usefulness of the present
work.

We have developed here two important aspects of
the energy-trunsfer problem. The first is a theorencal
expression lor treating the case: The direct senst-
tizer-actuvator interaction is 4 smull perturbation on
the transter ol energy by diffusion umong the senss-
tizers. The second is a Mante Curlo approach to
simulate the migration of excitations on 4 random
distribution of sensitizers. 1t should be pomnted out
that the aporoach to the Maonte Carlo simulation used
here is similar to the continuous-time random-walk
model developed 1o explain anomalous transit-time
dispersion for charge carriers in amorphous
solids.*2 2 [t auempts 10 account for the possibility
of transfer from an excited sensiuzer 10 any other
sensitizer n the system at each step in the random
walk by using the configuration-averaged Jisinbution
of hupping times at each site. This s different from
the Monte Carlo procedure used previously’ which
generates o specilic lattice topology, assumes only
first nearest-neighbor steps and then lorms 4 conlig-
uration average ol the results. In that study’ which
correlates the decrease in {luorescence emission rom
ions in selective excited sites due (o energy migration
10 1ons in different types of neighboring sites, care
must be exercised in dealing with excitations hopping
back to the original site since this offsets the ume-
dependent line-narrowing effect. This clearly
presents no particular problem in the présent study ., a
return to the oniginal site has no distinguishable ef.
fects from hopping to a fresh sensiizer site.

Table Il compares the commoniy used phenomeno-
logical models ol energy transfer and indicates the
physicst sstuation in which cach model s vahid. This
shows the importan: areas of uselulness l'or the twy
theoretical treatments Jdeveloped here. [t shouid be
stressed that cach of these models should be apphied
only to the physical situations in which they are valid,
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TABLE Il. Phenomenological models tfor the dynamics of
energy transter

Mode! Region ol applicability Ref

Forster-Dexter Direct s ¢ interacuon; 1,2
no sensitizer energy diffusion
Yokota-Tanimota Strong s -4 Interaction; 8, 1

weak sensitizer energy diffusion
Weuak v-a taleraction;
strong sensiizer energy ditffusion
Equivalent to Yokola-Tanimota 9
model and diftusion/random-walk
modet in the appropaate hmus
Strong sensittzer energy diftusion 10, 14
with the effects of extended
Lrapping reglons
Ditfuwon- No direct s -u interachion;
random walk  energy transfer by hopping onto 7.1
an acuvalor site
No direct 5 -@ interaction; 3
Iransfer by energy diffusion  this paper
on 4 random lattice

Chow-Powell This paper

Burshten

Svos-Powell

Moaonte Curlo

this has not generally been true in the past. For ex-
ample, the results of the preceding section show that,
i Jata involving energy migration on a random distri-
bution ol sensitizers are analyzed with the Burshtein
model, the interacuon strength one obtains 1y approx-
imately a4 factor of 2 smaller than the value tound
from the Monte Carlo treatment which accounts tor
the random distaibution of hopping umes. Note that
the Burshiein mode!l is equivalent to the Yokota-

Tanimota model in the weak-diffusion limit and
equivalent to the standard diffusion result in the
strong-diffusion limit. However, it does not correctly
account for the effects of direct sensitizer-acuvator
interaction when 1t s not negligible in the fast-
diffusion regime and it does not correctly account for
the distribution of hopping times when hopping takes
place on a random latuce. The models developed
here are most applicable in these regions where the
Burshtein approach fails. Also, of course, there are
special situations where none of the models in Tuble
Il apply. An example of this 1s when high-resolution
laser experimental techmiques, such as fluorescence
line narrowing are used and theornes dccounung tor
Jifferences in transiton energies must be empioyed.

In summary, we have developed (wo new up-
proaches o the problem of energy transter of soluds
which atlow for the treatment of physical situstions
involving strong diffusion with weuk direct sensi-
tizer-activator interaction and mgration ol ¢nergy on
a random distribution of sensitizers. Both of these
situations have important applicat;ons to impurity-
doped laser matenals and many ol the previous
resulls on these materiais should be reinterpreted us-
ing the new models described here
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Abstract

Recen® results are presented on the growth of rare earth pentaphosohate 2rystals and on
the znaracteristics of energy transfer in these materials. Fcr RuPc04yy it is shcown that a
discrete .attice model must Be used to account for the observed results.

I. Introduction

uring tné past two years wWe have been 3tudving the specirnscooi: orocerties of
3 hiometriy Laser materials and especially rare-earth pentaphosohates. 7Jne ascect ~F
. mat2rials of significant importance in “etermining the concen%ration quenching
o reies 13 understanding the dasic physical mechanism of energy transfer among the hiegh
bL] ntrations of rir2 earth ions., At last year's lLasers '90 Meet! ng We reporteg dn tne
statial 11f0usion of eneryy without spectral transfer in Ydylas_,P 54-4 °"vsta¢s.7 Sinc2 shas
~.me tne 7allr portion of Jur work cn this svstem has zentered around the develotment 2 the
Trvstal Iradtha of higher juality, larger size sancles. An exanmole of %iae results o7 <his
«Cfsre 3r2 3hown in Fiz. ! wnhnizh pictures M4Pgd:y and Pr2z04. crystals greown in the Shilios
_azsr ies :"3wn ny the N"ev;oés‘y *escr;bed Flux tazrnicue From Aot
ssc s a are greatar tnan 4 2m o in oross secticn. The eclghilinw of
ra -z as ::an;es 1s tae iacreasing effeori i3nic r3diis 2f <na rmara
. s roWth temoerature ~lth fexreas foniz size, 2rvstals o7
EY 230 D2 Iedwa o iailar cua 1 3ize. Tincae oaze
B ol zeen 1n imzortant limisasy 2 ~nmmera2iil z00lin2%I3”
an ma , “his 3azilitv T oIrow 3uln LZe, ni12n tuialitnv
3 isn 1dvance in tne fleld,
ne zast ’ear our axcerimental 2f7ort has centered o-n the study 20 the
) parnies 28 mixed vy and PrPgl.; mixed 2rystals,  nlike the M4P27., systenm,
b nercy i:ffusicn is 1.2e proninent in eash 2 <nese %voes 2 samples, Sesultc of
i anarzy “r3insfar T Tixed ?uxY-_‘°50~u 2rystals done in 20llabsratian wiza .
T ire cresentaed sals,
Tl Tf Rare Zartn Tantisacsrnztes
2% STeat=2. Transtar
ER AU 4 Wedx snettral Sransfer
Tuygloo 3treng aoechral transfaer
cn soeetrcsncoy technicles were used %o st iy enerav transian
R g 1. _¢F3i«y samoles contalining °3% and % IuTY lons. A mitrcgen
Tty idas excitaticn culses of 2%out 5 ns in 4uration and less %nan
ST is28 2x2ita “he samcle mounted in 3 2rvogeric relrigerator and
) lemater nonocher2maeter, a 200123 cnetotube, and 3 tavrir intaae
EE i atreum 2% 3 an il i: ~er %ne Laser cTulse, The :zteatri
e - noan L3I-1C
1I. Znerzy Traipnzler in EL VY. .Pz041y Crvstals.
Tizure ¢ 3nows tne fluorescence spectrum at 12 K for the 'C0% sample at chort times ang
R timas 1f%er the laser pulse* Here we show an expanded region of one of tha sets ¢
nratzivicns nenween the D5 and Ty levels. The two peaks in the scectra recresent the same
T s34t . fyr olons ia siizhtly different crystal field zites . The narrow Laser exzitat.an
N se.2c%ively 2x21%e3 1 Michar percentize f the iong In tne site wiwn the lzwer
M 3i%isn enarzv 2nd as Sime evolves “"nis energy is tranfarret %3 lons in the 2%her “voe oF
z . Zimilap results 2re abtained 3t zh *temceratures and tne fluorescent _:.fatimasg ¢
M *°%% ani *1% samgles change 2nly sligntly as a function =7 temreratyre.,  The weaw
M eritire 4depenience of these resultz indlcates “nat the enaercy Iranafer oharacterissics
a aS352.2°21 «ith rescnant iateract:ions and not stronzly decendent on zhoncn 3ssistad
? ;e355213.
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*J M
2y moaitoring -he relative integrated flucrescence intensities 57 ~ne 2ctivateor ant
sensitizer, the characteristics of the energy transfer process 7in ne tetertined, Flgure 2
shows the zime dependence o2f these fluorescence intensity ratios for ==e '072% and 0%
samples 3av low %eaverature. The dashed ind douted lines In the flgure represent the nes

iz %5 the 33a%a with theoretizal models discussed bvelow.

or

Y simple rate 2quation model can e used "o interoret these 1a%tia, tne rate enquatisons
tescrizing tne time a2volution 2f the concentration of exsited states of sensitizers ~g int
13%.7¥atars 0y Are siven Sy

Ang/AtzWg-3gng-Kkng 1,

. dn3/1t=wa-33na¢kns. (2

nd Wy regresent tnhe =2xcitation rates wnich are traated as 3-Tunciions whila 25 34 3,
asent %ne iatriasiz decav ritas of <tne sensitizer 1nd 1otivatar lsnc 3nd K L8 tne anenges
“r3ns 2. Hera 17 nasz teea assumed that o "ack transfar s tiking olave.  Bv zcslrsinz
2 2Y srme ra%1n 37 nhe concentrations of extite states of azvivators inc
3 L2 zlalaed as
- .'at-‘t, ,,_/:n\/,}:u
nalty 3.0 ng(Thel, &(0T e ae
gt adtesy wiptIAYY

n ~ -~ N - - .
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ippropriite expression f2r "he energy transfer rate, taxkinz 1nto account -ne discrerts
) nature 27 the lattice

P N raa {» [ IS
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w
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“n
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Tne summatiocns run :ver the numpber of lattice spheres considered ¥ and w(?;p, represencs %he
srabability 2f ccoupancy 27 an activator ion on a given spnere, The exoressian ©

1onera

o
nere, t, 12 %ne fragcticn

ve davelips an e ru a
. e 12taa 3T 2 giv rvs
; n I3, um o is na bR
‘ L ozatrin . v transtar =03
i :oLe lass ot : a3l onran f
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‘ -4 n%inuum lLattice nodal, Sowevar, samclz e
ng ttize model are glenificantly rmal Ste oot -
, 2 noinuun model and 2ara Egor { 2 . 3T tun Sin
: ces tmas r1lues.,  This lattar Qs K coanlv o2
: Sae Ltne Lo TTIn Tne thasretinz NS
‘
fh teaAl e emm
;2 2ner afar Tl in zixf‘-x:53'~
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b : 4 nce.,  TwWo sSther 3%t have ®
) 5 Iiscrete nature of lattize
: 3 Luminescence 27°iz2% but nc:
I E scheres in tn2is 3 en. T
el arials suxh a3 s estiga*
< they 1arived an oY 2ion fon
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Fig. 1. (A} MdP<Ovy, single crystal. B) PrPsOy, single crvstal.
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II.3

Theory of Four Wave Mixing

The four wave mixing process can be thought cf as the production and
reading out of a holographic index of refraction grating in a non-linear
medium. In the four wave mixing configuration generally used to study
energy migration, a laser beam is split into two strong "pump"” beams of

wave vectors kx_ and k , and a weaker "probe" beam of wavevector x_ which

a b

K¢}

counterpropagates against one of the pump beams. The two pump beams
establish or "write" the grating and the probe beam "réads" the grating
(see Figure IV-1).

The two pump beams interfere in the medium and optical absorption by
«he active ions creates a spatial distribution of excited states with a
sinusoidal pattern of wavevector gg = gb - ga. Corresponding to the

grating wavevector gg is the .grating wavelength A given by

)

A= 2 sin ¢/2

where A is the laser wavelength and & is the crossing angle of the two
oumg beams.

The depth of the grating can then be probed by Bragg diffraction of
~he probe ceam off of the grating. With the probe beam counterpropa-
sating against the second write beam which has wavevectcr Eb' the 3ragg

conditicn reqguires the 3ragg scattered signal beam to have wave vector

.

k = K +)S = -~
s T %p T g

back against the first pump beam.

, which implies that the signal beam counterpropagate

The theory of FWM has recently been addressed in several pagers
(26,40-43). Two fundamentally difZerent approaches have been used to
mocdel the WM process.

References (40-42) explicitly consider the non-linear wave eguations

26
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p+Rg=-Kg

A A~

N 25in@/2)

A
S

Figure IV-1. Four Wave Mixing Wavevector Config-

uration

27




where the electric fields are coupled by the non-linear susceptibility in
che material. Furthermore, (41) and (42, consider the mechanisms
creating this non-linear susceptibility by modeling -he system as an en-
semble of two and three level atoms, respectively.

References (36,43) model the system in a very different way, where

the probe beam Bragg diffracts off of a sinusoidally varying complex

o]}

wndex Of refraction grating. In this tvpe of development, cne assumes a
svatially varying susceptibility X(x,vy,z) which forms -a scatially varying
holographic grating in the material. This is similar to the apgrcach

.sed by Xogelnik (53). The emphasis in <his develcpment is in under-

standing how the spatial properties (43) or temporal groperties (38) of

(t

Qe grating arffect the Bragg diffracted signal. However, this agproach
completely ignores the mechanisms creating the non-linear susceptibilicy
which causes the spatially varying grating.

The apprcach used by References {41-42) vields important irformaticn
sbout nhow the intrinsic proper<iss of the material Affect the steady
state scatzering efficiency. However, References (41-42) assume <hat
~he gump beams ire counterpropagating and that the pump beams are exac=zly
phase matched. In the first part of this chapter, the TWM scatter:inc
efficiency will be derived when the media is moceled as a two-level s5vs-
tem as in Reference (41) but important extensions to the theory will be
nade. Instead of assuming counterpropagating pump beams, the assumgticn
will Ce made that the pump beams intersect at crossinc angle 35 (a more
common configuration in FWM energy migration studies). Furthermore,
effects arising whenever the pump beams are not exactl; rhase matched
will e explored. Thus the first part of this chapter will give inicr-
mation ibout how the pump beam properties and intrinsic properties of

~he material affect the steady state scattering efficiency.

28
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The approach used in Reference (36) is much more usef:ul in studying
the temporal properties of the grating decay. In the second zart of this
chapter, the time evolution of the decay of the signal beam i1ntensity 1s
derived in a manner similar to Reference (36).

The last part of this chapter describes FWM data taken on
Nd La r_0O cr stais.

T T1-x"5714 b
Derivation of Scattering zZfficiency
The assumptions will be made that all beams are linearly zclarized

in the same direction, with the pump beam electric fields jiven oy

D]

\E, %) and E4<g,t), the probe beam field as El(g,t), and the Bragg dif-

2
<

fraczed signal deam field as 33(§,t).

-
-

tey

~he z axis is taken to be alon7 the pump beam with electric I:ield

., —nhen the configuraticn will be as sncwn in Figure IV-2.
$

&3]

1% one makes the "rarametric approximation” =hat =he sump tbeams ire

undeple=ed in the media, then the four electric fields are jiven as

g (r,t = A {(z)d 2 = g .r)
l(_ ) -11\ ) 1 -

1 - -
- LWt .
E (r,=) = AL N = z,'1)
lwt =1% ¥ L.
- . _ PR R o _ LWt ~.
E.ir.% = A, o) R < = .
3 - = 1.
ist a1k _*r
e r \ ') 2 ~3 - LWl o, \
E T = E = % JORNRNNS
a L. c 3 4%

In tpe configuration ised, there 1s n: incident :izfnal team ..

17

(L, = J) and =ne siunal peam will. Ce nauch weaker than the prroke heam

e
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~hrouchout the material. 3ince the probe Zeam is also much weaker %=han

Y

~he pump beams,

(2, .2 (. 2 2
lAzi ’ IA41 >> i“ll .2 |A3i
and thus iégl <<}l where E_= E_(¢) + E (r) and E = E _(r) +~ E,'r). The
E . o 2= 4 - 1= 3 - -
Qo .
cotal electric field is then E(r,t) = zl”t(sovas).

The wave =2guation that these fields must cbey :n the material Is

V-8 u 3 = yuy 3 ? DY

where £ 1s the permitivity constant, e 15 the permeability ccnstancs,
and ? 1s the zolar:izaticn. The polarizaticn P may be exgressed 1n “erms

of zhe susceptibility X as

The media can now be modeled as a two-level svstem. AS 15 32Cwn 1o

Arzzendix A, the susceptibility for a two-level system is given v

f 2o i+
o ‘ 2
K(E) = - DA ( S 2) -3
1+ 8 + |E/E
s
wnere 3 is the normalized detuning £rom line center, lisf“ is the sactur-

tion intensity, and X is the line center small-sigral Zield attenuat: on
ccefficlient.

. E
Using ;é—l << 1, one can expand . !E) and P(E) about £ to first

o
oE . .

order in ;7 to obtain
“o

(E JE* + ETAE)
Q el

. - v
((EO+AE) 4(EO) {1

[
|E
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The colarization is given by (IV-2),

2

rd

: E

=t
> a2

-~
-

(1+5 ), then to first order in ]AE/E b

and if one defines

|
Q

1 2
it (E°3E* + \E_|"AE)
P(E_+3E) = 2 ;

g X(E ) {E +AE -
ot o o

(I7=-5)

, 2 2 2 - 2 . . -
Since x = ;51‘ = ]53) , the driving term uootP for Equation {IV-1)
Jan be wr.ttan as
2 2
2 2 it (EOLE‘ + E {7 E)
43P = - k"2 X{(E ) {E +2E - ;
o't o o . . e 2
I, 2.

The lef= hand side of Eguation {(IV-l1) now must be calculated.

The slowly varying envelope aporoximation,

ldzAi 1, dAl, v 2
= | << ik 3. 0 s =L
dz -

implies <hat the field amplitude variation due ©O non-linrear zcupling .s

small nver 31 wavelength.

£. and E_, can be expressed as £, = A {2}
- 3 4 Fe
ikz
=, = A_(zy1 7
- 3

so using the slowly varying envelope ipproximaticn,

. -1k, r -1k 'r
e 2. o, lwt S B . "3 ¢
7 =g w3 T = 2ik% (cosfi 3 A Lz o+ g
270 ¢t z 1
Iombining (IV-9) and (IV-7}, tne wave Zguation (IV-1l.

peccmes

lichos:’z + xsinvz)

3 A_(2))
2z
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Cne may write out |E ,° as
- 1k -k, r -1 IS4
P PN R P Aty LY T L ata i
L'_J = ‘Az‘ |‘*4. + ‘:\:A-;Z -x:n:‘».
= aA_ 7 ang

e intensities of the pump teams are given =y I

2
I = A1,

1 Ta

so 1f one defines

o
]
~
"y

znen
2
S T S T
o 2 4
.. . . ) ) . «, 1x(l=-ccs7. 2 ,
Alonc the z axis, ; 1s given 2y (z) = A A < , o Sz,
-t
Jscillazes wlth z with oscillation wavelengtn - = incd =<nus
- S 1L-C0s"
EJ T nas an interference term that oscillates wilth = with osclllaticon
wave.engtn b .
The snly terms of interest on the right hand side I [(IV~3) zre
tncse <hat satisfv the ghase matching condition: L.e., those terms tnat%
N - Lian=x o) P S SR
syncnronousiv drive TE - € u_ 3 E as 2ither ¢ - cr 2 -
° ‘ o ot
Rewrizing (IV-8! and numbering the terms, (IV-3) teccmes
-ik,r —ik3-
leoss?l  — 3.A,{(z) + 2 s A (2)] =
21 z 3
o} -3
2 = \E
1 E =i o 2 + —
s 73 t (2 \ 2
I+ |E_I I+ |E
5 , © s ,'7o
cerm (1) cerm f1x)




ETAE* lE |° aE
Q o \
- 52 T 73 - V=9
(r_+ e | (I_+ E | °)
S o] S Q
f IS
term (iii) term (iv)

Terms (i), (ii), (iii), and (iv) must now each in turn be examined

> Jetermine which of these satisfy the phase matching condition.

ik, 'r 1%,°r
Since £ = Al - A . , “erm {1} ls clearly nct synchrcnous

(¢]
[¥)
4

with the lerft hand side orf {(IV-3J! and thus %erm .1) is not chase matcnred.

-Lkl-r -ix_.'r
. . =1 - , 3= .
Since lE = Al(z)i - A3(z)l , Term {i:) clearly is zhase
matched although the amplitude of this term will te modulated by <h
. : 2 o
>scillartorv behavior of :Eog which aprears in the dencminator.
-~
I may De writtan explicitly as
]
RED! R . y - .
2 "‘*'Sw L: 2 “‘53 7‘: 1 S' )57’ T
=7 = AL T -aT + JA_A . -
] < + 24
X, is T
A . . . L. - L PO . LTt
and LET¥ mav De written Out expillitly as LE* = A0 I . ~ At~ 2
Tnds
, NEEEI R T
- " < < - B
=TAEY = fAtan ~ A%al,
2 - & SR
L0k =% ) .r ik - r
P b sz - AN <
R =3 -1 = R -
+ ALA L Rl T T

i(2}51+}$~)~§ P2k vk, x
+ 2ATA AR T+ 2atala

17274 3"

since none of these terms are synchronus with the lefr hand side °

U= 3)

., verm (ixl) 1s not phase matched.

Term (iv) may be explicitly written out as
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le 2 aE
| -
- 2 55 = - I+ IEO[2> 2 {(1, + I )LE :
(I + IE ; - -
S Q L
—1k3' ~Lkl-r
" =~ » =
A
v AAAR + AJACA L
-i(k, =k, i r -1k, ¢
) - < T,
- [(A:A4£ t-3 Pa, 2 1 ]
1(k,-k_.)-r -iK.'r ;
e, CL1 S300F *3 %4,
+ [(A2n42 )22 1.

The first three terms in this expression are obviously chase matched

. . 12, =2
ilzhough theyv are modulated by (IS + 1531 PR

The last 2 terms in sguare brackets must be looked at more zlcselw.

Tne Inurth termm is

The gJuantity above in the sguare bracket can be thought 2f as mcdu- i

i

- 1 < !
lating the phase matched term A 1 . |
L !

votice that since the exponent in the sguare bracket above has the

A P |- o ..
same Iourier component as the oscillatory zart of g this cerm wilil !
not necessarily average to zero.

Similarly, the last term on the right hand side of the expression

[

-
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r ' T ——

-
1%

-(“l- NI 4 ;
*, N T - -1 v
(A2A4u i -53 4
- [ —— 1A .
[ - -
(I 0+ !E i

The Juantity in thls square dracket modulates the 1hase matched zerm

Al , ané the exporent i1n the sguare brackez nas rhe same *fuurier

o
tzmponent 2as tne oscillatory zortion of (2 , SC Tnls Term 3lsc will ne-
2

necessarily average to zero.

Eguatien (IV-2) may thererore be rewrrtten as

—ka'r -1k 'x
r LT . T L. L. "
LCossl SAa )+ T > Az =
z 1 z Z
-
x L E (1=-1%) 5 -ix.x -1k -r
> s : . . e T . T3 -
= (I_+ 'E_T){a, + ALL )
- - - - 5 o) - 2
(2 el J
3 o
L%, -lK_r
- I.-I AL T ean T Ivell
2 i B
-ikox -1k, Y
-~ < M1 =
- - - ® - - - - ) L
- LTS T I S N
Lo - e =
-L‘l.: ~1K,T
. AR ST
- " L - e
- A, ,.\1‘k.
e tTerms wizih i - sehavicr are
. i)
1 JE Tl
. [} 3 - . ] o« X -
2057 3 A, .2) = = [- +2fz) JAa. "z < ALA ALz -1l
T 2.2 3 N 24

Zut =he signal zeam A_fz) will te much weaker than =he cZrobe Zean
L. 2y, and since

36
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srne Z3n neglect the last term in {IV-1l) %o obtain

- 3 a W‘ -
SOsce ) nl(Z) = ; IR il
(: hd |E ')
s )
R I
and the Zerms from (IV-10) wizth & - decendence
.2 A
2 E y (1-13)

h Q - x 1
> A z) = Y X A z)
=2 | 12,2 3

I+ "B 4
|

1)
%
In)

- - %
Alcng tTnhe z axis, S(z) and I .z} may oe
ixfl-mose)z
. -, 1%'1-7csT T
Tizyoo= A AT
- ]
o . L-lXli-ccs
z) = A_s
<4

2 -

ImrAL
2 : arctan ! —
2 Re A

> Z arctan |
4 Re A
1

- X+xX* _ ,
wpere Re(x) = , Imix) = ~hen
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i
a ‘A 1A 3"':
= X [
3 AR
The rhase mismatch of the two pump Deams & 1s jiven as 1 = 5 _ -3, and
A -
- -%
Svz) and 3 (2) become
) . i(k(l-cos®)z+s)
tiz) = JALA_[2 (IV-1¢€)
| 2 4l
* . ' i,~i(Kk{l-cosv)z+l) e
2f{z) = ALAa i * . (Iv-17)
274

. ) 2 . .
The oscillatory behavior of 1201 can be shoewn more a2wglicitly by

defining the parameters

)

zuations (IV-12) and ({IV-13) can then fe a2xpressed as

5 Lr +~az - (z)
< a e 12y sy (S E
3 ALlz) = 30455; i1-13) ¢ 5
z 3 , \
[DO+2acos(kul-c05c)z+a;]
id
(al™ )a,(z)
L N -y oAy
- ot PPN
- r4
[D +2acos(k(;-cos€)z+$)]
o]
- N PP .
2 . . Lk {l-cosg) z+i JA
2 'E 1 (1-13) [; +ai [ . JJA oz)
e _ o' s ;S 1 . fee_ 1y
JZAl-.A-) = coso S S . fav=2o2)

- . 3 3
[uOLZacosxk\l—cosv):+L)J

These equa=zions can te simplified scmewhat by Jdefining 2 as




%5
2 = Kk(l-cosry
Egquations (IV-18) and (IV-19) may then ce expressed as
3 A (z) + P(z)A {z) = O (I7/-20)
z 1 1
and
5 a,tz) + Puzyajizi = 2(z) ‘I7-215
z 3 3
where
2 . - 1 (Bz+d) 4
a g 1°1-i8) [1_ + a2 (82~ )]
o' s ) . R,
Pp(z) = -~ P> { Ty (I7=-22)
[Do+2acos(32+é)J
and
~i{gz+
I -af (Rz+L)
Piz) = =-a |[E |T01-i8) {(—= = (Iv-23)
s [DO+Eacosa:z+A)]
and
2 . 14
1 2 T (1-i8)al A, (z)
o'"s L e m
Q(Z) = = 5 1i=24)

[Do+2acos(BZ*A)]

The solutions to (IV-20) and (IV-21) fall intc 2 categories,

Zerencing in

* . - P N
w~hether or not {(z} and J (z) oscillate very rapidly over iistances where

B
2]
f
o’
Q.
p e

3(z) change appreciably.

Case I (92 is Not Small)

IZ 3 is not small then Al(z) and A_{z) do not chance appreciatly

over
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Since for Case I 7(z) and 7"(2) oscillate manv times over <istances where

1

can b2 averaged over an oscillation wavelength kos'

A, (z) and A3(:) change significantly, the cuantities P(z), P!z}, ani ¢

2 .. e
a 1E 17(1-18) A I +acosBz+iasintz
Py o' s 1 . 0s ;_S .
Piz)> = - coS3 (/\ ) 49 dz{ > M
os (DJ+2acos€z)
fo 12 . S
x JE | (1-18) I racosu+iasinu
, s P2 (_S
<Piz)» = - Yy 77 du{ —}
r2 S o/ <
” {D_+2acosu)
o)
. 2 .
a 1E | T(1-18) :
, o' s Pt du i cosudu
<?iz)> = - {r J| ———————+ a :
Tcose s 2 2
(D _+2acosu) (D _+2acosu)
o ol
m 12 - 2
x (E_| (1-14) DI -2a
piz)> = o3 (_0O's }
< = - S .
’ tolod-t) 2 2 .3/2
(D _-da ) / .
o}
The complex abscrption ccefficient [ can ze defined as
£ I - cosf® <piz)>
or
o DI -2a
- “ Q S
s = aolEs[ (.A.‘Ld) '[ 3 > 3/,)} .
(D"-4a™) 7"~
o

1

oS£
£

ation (IV-22) can then be approximated as
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wh.cn nas solution

Iv-I4 tc sbzTain
(::(z) =
<O\ 2> =
2> =

4

becomes

that Al(z) varies slowly over a Zistance -

One can simclify

! where AL L) i3 =he 1nciient pricbe LSeam amuiitude.
na sees Irom Iomgaring IV-Ul2) to IU-l@0 Tiat
<Pizi> = zos® <p'zi»
<P(z)> = - %
ansd  IV-2l' may se apprcximacted as
EZABSZ) - £A3(z) = <ZazZ)>

-

U

S .
1B 1-i52277A) )
> -~ - - .
. o +~zaccsu
o2 1l 7
3 E 0 l-1tdacl oA,z < =
2 s X - <. 32
C _-da

(IV=-28) by defining

1
J
[

41

11V=26)

P
sne tan ise
T3




'“===!==!E!==HlIIIlllIlIIIIlllIIIllll!!!!!!!!IIllllIlllllllllllllllllllllllll'

[e)
Q

3A,(2) - £A_(z) = ga, ()2°%evETL (1v-29)

Using the bcundary condition that there is no incident sigral beam, l.e.,

A_(0) = 0, the solution to (IV-29) 1is

3
. oA (L) N )
Az = _—’(s:ce-l) (gbsech(z=L) _ pi(z-l) (1= 30)

Jne guantity of interest is the signal beam intensity as it exists

2 . L . .
~he med:ia ;AJ(O)[ , since this is an experimentally measurable guantity.
| |- '
A (L) -2 L ~2€_sectL
: v e 1 . R
rA (O)?2 = p/E = i + 2 R
3 i ' 2
(secd-1)
-c _{(l+secd)L
R - e -
- 22 cos[gi(;—sec:)L]} (Iv-11)
. L+ 5%
woere & = 3 , or
: I, 1 212
2 !
{ (1+_‘L+._4_) - 2.4 |
a ! I I 12 i
- o) s s 5 ' e n
i, = ! T I3 3T 37 {I7=22)
B (1+6%) 2 .4 2745777
i+ =+ - ]
I I 2
S s I
L s )
and
- K
I = ] = - Af (IVv-32
i 2i °Sr (IV=33)
and
2.2
- D a
e e
! =
? (DI -2a)
o's

.
L




or
- T - 2
T N TR
(—-'-2“')(4. + I.f [.)
\0'2 t > ® ‘TY-34;
U T, I, a1 2’ T
[+ 2+ 3 - 29
s “s I
s
Thus (IV-31) may be writ:cen as
\
I.I I 12 I
‘[(2*4>w+—:~v*—4-> L ‘
! 277 I I ! ! 12 '
N I s s ‘ i[A (L) !
.o 2 I s { |1 ! feer_at
AERRLET T, 1 2.1 1 | 2 T
‘ i 2 1 274421 |(sec®-1)
[ L )
I I 2 !
! 3 S IS !
-25_L =27 _seci3L -2 _{l+sec3)L
. R : R oo .
x L + 2 ~ 24 cosL;i(¢-secv)u]J
where I_ and ii are given explicitly by ({IV-32) and (IV-3Z). Ncrmaily :in

: degernerate WM experiment the two pump beams and zhe probe team are

v
(8]
t
[
+

o}
[+1]
[9)
8]

ov splitting one laser beam into three 2ar<s. When zhis is zhs
zase, one sees from ‘IV-35) that the output Bragg diffracted signal beam
tntensitv wilil vary as the cube of the laser power,

A good measure of the "scattering efficiency"” 7 of the four wave
mixlng process is the ratio of the exiting signal beam }AB«O)E

2xiting probe beam In the absence of the pump beam interac=zions.

Jsing {IV-25) and (IV-26), one obtains

a, o) 7! = |a

2o the scattering efficiency n is given by
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g I 2 . 2+ L -
: 1214 L P i o
(——y (1 + T + E—) = .
' ° s s | Uy [ =201 -2 secsL
> ' Y, . =
e) = p, hd 2.
: I 211, 2 ¢ . .2 |
2 4 24 ‘ {se~3-1)
L+ =+ ) =] l — -
| 2
l\ s s o (IV-36)
-5 _{i+secz)L
~. R . X N
- 24 cos[ikxl-sec1)L])
The dependence of the scattering efficiency n on crossing angle 3
can be clarified somewhat whenever |iL(i-secd):  is small.
This will usually be true since the experiment does not work well
1 1) iiLl is large since 1if SL: 1S large the beams are essentially
extinguished in the crystal.
f (1i) 2 is very large since the output 3ragg Jdiffracted signal zeam

.

U

intensity decreases with increasing

- . e - !
rst craer in  Lil-secz; .,

b
]

- P -
Thus LZ j3L{(l-sec<); is small, then to €

I7-36) tecomes
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{11 T+t 2|
24 2 4 |
( ) (L + )
2 2 I {
I S
| 2 o | 1
= 7 ) I+1. 2 411 3l -
1+4 2 44 |
[(l + ) - J
I 2
S I
s
Eguation (IV-37) shows that the scattering efficiency n dJdecreases
. . . . *
“ith increasing crossing angle 9.
It is now of interest to calculate the scattering efficiency 7 wrnen
t“he pump intensity is well below saturation intensity, i.e., when
I, + I
L 21
- pow< L.
T3
I+ I 1, -1
. . z 1. s .. ) 2 ey
Assuming that ;———f———; << ., then =o Zirst order in = ,
s =
2
‘2t and iR become
2
a LI 40T _+I1
V2 274, atiy)
o = = (—5) (L ~ = }
. sa A i
1+3 I s
2
and
o (I, + I
- _ °_ 1 " 2 4))
"R L .2 - I
+3 s
s¢ that (IV-37) becomes
2
a L I 4(I_+I ) 2 L
,_O 2 4. r, 2 o 5 .
1= g 5) 3 y (1 o+ — 3 { = - x)] (I7=28)
1+6° I ‘s 1+#6°

*In thick samples, there will be another effect that will decrease
zhe 2utput signal intensity with lncreasing crossing angle #. In thick
sampgles, as 3 is increased, the beam overlap volume in the sample mav
decrease, which is not taken into account 1n this development.




T R R T RN W AT T T T T

a L 2(I_+1 )

X [l . =2 = (1 -

-
1+¢ 3
x {(l-sec%)]}. (TY=-13R)
(I, + 1))
To lowest order in = T , (IV-138) becomes i
- 5 ;
I
i
5 » i
LT TI, 1 L i
2 2 s 3 \ . _—
el = - {(—=) 1+ = l-secr)) POATIERCN
well belcw 1+37 I; i+

saturaticn

g
>
'

erimentally, cne usually works with >rossing angles large encucn

that Case I agplies and Equation (IV-36), [(Iv-37), or (IV-39) will be
. s ’ . . . . . K L. 3
arpplicacie. However, it is of interest tc derive the scattering =:fi-

siency for very small angles. in certaln limiting cases o discover w~hat

new elfects should be expected at very small crossing angies.

Case IZ (3 is Zmal_>

I 3 is very small, then A_(2) and A_.z; Zc ~change agnrecianly -ver
L < -
-\‘ - .
| = - — and thus ?(z), Piz), and (z) canno= ke iveragec over -« .
e l-coss s

Equations (IV-20) and (IV-2l) cannct be solved fcr exac=liy i1n =zhis

zase, since ®(z), Piz), and Q{z) cannct be averaged.

m

zuaticns (IV-2C) and (IV-21) will ze approx:imazely scolved Z-r oo

Znhe case where the pump teams are well below saturation intensity, 1.2.

- . a

for <he case that E— 1s small.
s

>ne can now define a2 as

-
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first order

and to

P(2)

The solution

72
a iy
in f~; {IV=22) becomes
s
( 3a i oy P
= - x{l - —— cos{s2+8) + — sin(zz+i)s . Ir-an)
pe Ps
S s

to Equation (IV-20) is then

. . .. 1a P —
sin{3z+., - —— =2os(zz+l): TGl

>

C. explaz - I

C. is a constant which is determined frcm Zoundary conditions to ze
1S
jiven bv
- . ‘ 3a N 1a s 10 ez
S, = a, (@) expl-afL - ST Sin(ELe) - cos (2L+4) 7 (I7-432;
-~ - joPS
s s
Syuaticn (IV-4l) <hen becomes
)l 2/ 3 Q2 v
< C . daa 2({z-L) 2iz+l} .
A;\:) = nl\Q) 2xplai{z~-L) - a1 [351n( 5 Ycos | 5 + )
5 e
- e 2
2(z=~L) . 3(2-L)
- isini—= + 2) sint—=—=91]} .
To f£irst order in 3/I_, Equation (IV-24) Dbecores
=]
13, a 43 i —
2tz) = - al T (A zZ) il - = cosi2zHll) JIV=ady
I,k I
and since la_(z) << 'A z2)!, P(z) may be approximated as P:z) 3 -: 30
3 1
=nat Eguation IV-Cl) mav De approximated as




i Tdzy

(o9
t

(W)
LhY

i,z
al [ e
.. I P ! . 44
Ay @i = Lk - I JoEze il - T cecsldz+l) )
S 3
o a , . . . ~
i expl- B lsinzzel)4rzosizzel) |
s
~a2rf2 20 13 given zy (IV-+42) and U, 1s 3 ICnstant Tnat remains
L <

“ermired using boundary conditions.
T> rerform the integration indicated :in Zguat:ion (IV-46),
> 2xzand the exponent inside the integral in zZoewers <f a,/I .
in the exponent s mul:iplied v a Zactor ofF 1,73,
impereant o briefly examine magnitude of %,

nct Large. This carameter can be rewritzen

4 _ L 2L
I 7 iL T Wil-cosTlL
-+L
The Teams are approximately attenuated as « 235 they za&

the crystal, so | :L; must be of order unity cr smaller sr =2.se

ire so severely attenuated through the crystal tnat the 3racs

Pt

3i1:inal zeam will be negiigible.

- . . Sy - ! S ov -
Furthermore, 'kKil-cocs®)l, will be > 1 I3x

TS le =

inless chan angle 1s too smalli to be experimentally reaiizaczle.

. . | . . R R
Thus taking !a/ﬁj < 1 will be a good assumption Zor almest any

meaningful experimental configuration.

Ixpanding the expenent inside the integral “rom Zguation

ry

L¢eprLlng T2rms

mn

irst order in a,I , ‘17-46) Decome
[}
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a ia \ -
- — {4 + —)cos(3z+3) }. (Iv-47)
e o]

S

Performing thé integration, this becomes

. L, az 1 Jaa s . i1, .
R - 1z v — Z0s(22+4) = —— = = —/i3Inizz~l
3 2 I 2 31 z
s 31 s
s ee an
Lev=wCy
tne can use the boundarvy cenditicn A L) = O to cktain
12
1o ag, -
- Lo -aa AT LA 2, =X "
I, 0= - L+ — CCs(2L+4) - —/— (4 +~ —Q/isin Zl-l,.
< pa < ok = - ~
3 - I 5 =)
s
Sne can zthen substitute (IV-43) ints (IV-48) =o obta:in
QA ouz
1aC1L L e S oo
- - - - iL-z) - Jf& ;Sln(h\ufh/ - }7
R - - - > B
: Z, 341 2 z
3
Za ia. r 3iL-2) . 2+ L= e e
- T e —) Llsini——= ' o0s ~ L LLs . =T
21 2 2
Zne -an expand IV-42) ‘o Iirst order in 3] tO cotain
B~
. . LT A N iz [ a. N . . - _
S.oo= A L)L Loy Lisin fLelielzes (oLl POAEIN
< 2l
“ne can ow stbstitute (IV-51) 1nto {IV-33) %o obtain =2 firs<
srier noa, i

S




taa . 2{L+2) . (-2} | I
- = [bxn( 3 + 4)sinc—— 1! -0
o 2 2
s
2a . 1a . B 2(L+2)
- = (4 + —7)[51n( }cos ! 2
51 2 2
S
At the output face z = o,
Zo-xd
2aa, (L)L
. - N . ial . e
ALS = = ‘L o+ == {3sin«gLlel; - icos zl-lls - T/
i} T3 T3 EAe
3
o, 3 SR Za -
< - 1) ox :;n\?r)J T 4o+ « L
2L !
V=53
The output intensity of the 3ragg scatzerad signal Zeam will =
2 ’
amial e A0 -« d t Ty o N - B I T . E
22uasl to ‘n3\b I , an LO Zi1rstT orider wa a, Loy TNLs 13 given LY
I.I -22_ L
< - 272 4\ ; y 2. R . 2al r. . , -
A,0) = Lixi (—=) A (L) L Lo+ — SA_. 3INZL+L =y Tosiolel;
2 Z 1 5T 3 : 1
I 3
£
iLwdd -y -
R el \ 2L, e 2 s
- S sinyT5 + A)sino5 IV-23)
2% 2 2
3
4
1a i.or 21 3L ;
- - - gin (== (2 Loy ]
e =) Lsin(=-)cos (% A) 1)
3 B 2 2
s
Anere
3 I+ =z -2
a+a* o} 2 4
b = = )l o+ )
R 2 2 I .
1+o S
o ko]
x-u¥ :
Py = " = - 5
b 21 R
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(I7V-54) 1s the e
first order in
result mor

the terms

vary sinusoidally with the

R
ALl

IZ Zhe I pump Ceams are w
~he phase mismatch L will
A}

~here L1 13 che iiiference in
Thus the compenent Sf A (T

xpression Ior the output 2ragg scattered

T
- Sor CASE TI ismall irngles,
5

e closely, one Tan

in (IV-54) zhat ar

phase mismatch

1thin the conerence lentth of LTier,
D& jlven oy
pazh lengtn bDecween the TwC Dump Deams.
ALA
. - 3 - N -
whiZn 13 Iirst crder in — will ze
T3

ratio of

<X1T1Ing Trope beam in the acse
. _.. °ne obtains from {IV-43
£,
: e
A0y T
1 =,
CJsing V=340,
bp I7 =2 firsn crier 1 ALA

RN

tTaring » I the IzZur wave
the 2xizing sicral zeam 2_.0' 7 <o =he
-
nce >f the Zump A0
} that
2a L
)
- o]
by . -
— f . - N P o
= - .A; )oY P
- Iisr o

+




e

2a L
Q

1.2 2 -2u_ L

) 2 2 + R 2al . X . .
n o= Lix’ ( 44)Ll S 2 o+ )A [3;, sin(sLl+d) - ;.:os(;L«~)]

o - 21 2 1

I s

s
(IV-33)
12 R .
- __iiﬁ sin(éE + dsin(Zy) - la 4 - C-1-3) [“n(ié)”os’-:'—E + L)

2 2 2 31 3 =TT - ’

-

Transient 2enav.cr

when the pump beams are chopted, WO proacesses <an contribute <O The
Zecay of the sinusoidal excited state pcpuiaticn jrating. The grating
can decay because of the decrease in the =2xcited state zopulation oy
ncrmal £luorescence decay and because oF excilien micgraticn from the zeak

to the valley regions of the grating. Whenever the =MCitoOn mCtion is

2sive, the density of excited states 1s given Ly (28]

5
~ - & N -z
3 nlx,t) = D 5 alx,t) - PR
o X T

wnere x is along the direction of the grating wavevec=cer, - 1s the 3.I-

fusion ceeificient, and T is the Zluorescence decay time. If Lt 13

assumed that n(x,t} initially has a sinusoicdal spatial distrifzuticon, zhe

g

so_ution tc (IV=-S

}oio

where k3 is the magnitude of the crating wavevector. The Zepth cf the

srating in is given bv

n = nx=0,t) - nlx = 31,%) = <L Iv-33,
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where K is the decay constant given by

o2 1 -
X = 2k D+ =V=33)
]
The magnitude of the grating wavevector X_ 1s given by !
3 '
27 . .
k = -— = 7/sin(2/2) .
o4 N
For small ¢, X may be approximated as -
27
X = = .
3 3
Since the scattering efficiency is proportional <o in (43), =zhe
2racg scattered signal beam intensity I _(t) may be written as
=3
- -2
I (t) = I LJ. an g
s D W
2 -
IR o ey -
I (g = I T 1 (T =30)
S DOwW
wrera I s the incident probe beam intensity and I is =he zump kean
o
.ntensity. Thus the Bragg diffracted signal beam should decay exponen-
mLaily with decav constant
-
- 1
K = 2 = 2+ 3 TIU-nl)
sin” /<
wnich for small z2rngles becomes
o
« = 2.2 IV-B2)
53
]




T

REFERENCES

6. Saicedo, J. R., A. E. Siegman, D. D. Dlott, and M. D. Fayer, phvs.
Rev. Letters 41, 131 (1978).

37. Zichler, H. J., J. Eichler, J. Knof, and Ch. Noack, Phys. Stat.
Sol. (a) 52, 481 (1979). i

38. Hamilton, D. S., D. Heiman, J. Feinbefg, and R. 4. Hellwarth, Cptics
Letters 4, 124 (1979).

39. Liao, P. F., L. M. Humphrev, D. M. Blocm, and 3. Geschwind, 2hys.
Rev. 3 20, 4145 (1979); P. F. Liac and D. M. Bloom, Cptics

letters 3, 4 (1978).

30. Yariv, A. and O. M. Pepper, Opt. Lett. 1, 16 (13877 .

v

Abrams, R. L., and R. C. Lind., Cpt. Lett. 2, 94 (1978 ; R. L.
Abrams and R. C. Lind., Opt. Lett. 2, 205 (1978).

s
-

42. Liao, P. F. and D. M. Bloom, Cpt. Lett. 3, 5 (1978).

0

3iecman,

N
(W)

E., J. Opt. Soc. Am., £7, 3545 (1377).

54




o e——

TII. PROPERTIES OF NdeI- PO CRYSTALS

5014 A 1-x"5%14

A significant amount of time was spent characterizing the optical proper-

ND Nd La
X

ties of stochiometric laser materials for possible use in minilaser applica-
tions. The most significant result of these investigations are summarized
in the following three manuscripts. Additional information on the gquantum

efficiency of these materials is presented in Section V.I.
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Pergamon Proxs Lid 1980 Prnted in Urest Bran

ITI.1

LIFETIME MEASUREMENTS, INFRARED AND
PHOTOACOUSTIC SPECTROSCOPY OF NdP;O,,

RICHARD C. POWELL, DEAN P. NFIKIRK, JOHN M. FLAHERTY
Department of Physics. Okluhoma State University, Stllwater. OK 74074, USA.

and

JOHN G. GUALTIERI
Army Night Vision and Electro-Opuies Laboratory, Fort Monmouth. NJ 07703, USA

{Recetred V1 June 1979 accepted 24 August 1974

Abstract - We huave made it series of spectroscopic measurements Lo betler understand the uplical properties
and concentration quenching charactensucs of the stochiometric laser maternd NdP.O, - The sesuits o« f
Huorescence lifetime meusurements 1 the presence of different surfuce environments indicates that the
sutlave condition atfects the concentration yuenching whereas lifetime measurements under applied untaxiai
stress show that the presence of internal strmns in the crystal is not sigmticanthy effective m uorescence
quenching. A comparison of the internal reflecuion spectrum with the normal infrared spectrum did 1ot
reveal any sigmticant differences i the Nd*~ energy levels. Photoacoustic spectroscopy results proved
ditficult o interpret but appear to be consistent with the presence of surface uenching ol exatons and
indicate that the intrmsic quantum efficiency of Nd*° 10ns in the pentuphosphate hostin the sbsence ot

concentration gquenching s approximately 0.90.

L. INTRODUCTION
Understanding the vpucal properties of NdP O isof
spmlicant importance because of the use of this
matertal in mindaser applications {17, One of the most
mteresting properties of this matertal 15 the small

amount of concentration quenching of the fluo-’

rescence compared Lo that of Nd** i other types of
hosts. There appear to he two possibilities for
explamming concentration quenching in NdP,O . The
st s enerzy nuetation (o Ssinks™ which are delect
stes al which the energy s dissipated radiation-
lesshy 20 The second s the quenching of excitons at
the surtuce of the crystal 7350 We deseribe here the
resulls of several different types of spectroscopic
measurements which provide further information
concerning the charactensties of fluorescence guen-
chung in NdP.LU.L L

We recently published the results ofun invesugation
of NdY, PO, crystals usimg time-resolved site-
seiection spectroscopy techniques {347 One of the
conclusions drawn [rom this work was that spatial
energy igration was taking place in this material
without spectral difusion. More recent tluorescence
line narrowing experiments corroborate this conclu-
sion at keast at low temperatures [$]. The observation
ol no energy transfer between ions in nonequivalent
rystal tield sites casts some doubt on the possibility of
4 quenching transfer occurring to 1ons i randomly
distributed sink sites. However, a4 consistent interpret-
atton of the results can be provided by a model of
trupping and yuenching of excitons at a macroscopie
Jdeteet region such as the sumple surface.

We report here the results of meusurmg  the
Huorescence iifetme of NAP.O,, crystals 1in the
presence of dilferent surface environments and the

results of laser photoavoustic meusurements. Al
though the results do not conclusively prove which
model of concentration quenching 1s correct for this
system. they are consistent with an interpretation
based on surface quenching und cannot be easily
explained by migrition to randomly distitbuted sinks.
In addition measurements of the fuotescence lifeume
under conditions of umaxial stress mdicate that
internal strains are not etlective in producing mcreased
quenching as would be expected tpr sink wites TR und
internai rettection spectra were obtained inan attempt
to characterize quendiiing centers but th e results were
inconclusive.

2. LIFETIME MEANUREMENTS
The Ruorescence lifetime of Nd?* emisston cin be
used as a measure of the rate of concentration
quenching with the quenching rate defined as

where 7, 13 the mtrinsic decay tme and @ s the decay
time meusured in the presence ol guenching. 1o hightly
doped crystals of Nd, Y. PO, at room tempera-
ture the value of <, 15 mensured (o be about 220 psec
whereas for concentrated NdP O, the measured
values of « range from about 100-120 usec at room
temperature depending on the exact wavelength of
excitation {37, We performed a series of meusurements
of the fluorescence lifetime of NdP. O, vrystals with
different types ol perturbations affecting esther the
surface of intertor environments of the Nd* ™ ions to
Jetermine how such environmentaf changes atlect the
coneentration quenching.
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) &fject of surfuce environments

“he firs: of these experiments consisted ol
measuring the Nuorescence lifeume of the crystal
immersed i varwous types of solutions which should
perturb the environment of Nd? * 1ons at the surface ol
the crystal. Meiasurements were made at room
temperature using the same experimentul equipment
and procedure described previously 3. with the
excitation laser tuned to give a value of v 2 120 usec
for an wir or vacuum environment. We found that in a
concentrated solution of hydrotfluortc actd the decay
time was decreased to about [(4 usec. [n concentrated
solutions of carboa tetrachlortde or carbon disulfide
the decrease mn hlfetime wus about half this amount
whereas when the sample was immersed in acetone, no
change 1 lifeume was detectable.

To further check the effects of the surfuce
concentratton quenching a sumple was wrown which
had an NAPO,, substrate and an eprtaxial laver of
Uda cgbeity 36 POy, For the preparation of the
epitaxial layer, the methods used for the growth of
crystals were emploved. The seed was lowered into the
solution which wis Kept at a temperature in the range
of 300-350°C. Epuitaxial growth proceeded for three
days unul 4 Imm thick laser was grown. This
corresponds to a relatvely fast growth rate of
14 um he. A smail region of the substrate at one end of
the sample was lett uncovered. To gualitatively
evaluate the perfection of the overgrowth, Laue X-ray
hack retlection patterns were obtained. Sharp spot
patterns with the same symmetry conligurations were
obtaiped from both the substrate and overgrowth
indicating that both regrons were single crystaihine and
there 1s no muisalignment between them. No evidence of
mosesiructure or attice constant mismateh could be
found.

A comparison was made of the luorescence lifetimes
measured when the sumple was exated through the
expitaxial laver and in the region of uncovered
substrate material. At room temperature with the
particulur laser excitation wavelength which wats used
the lifetime measured with substrate excitation waus
110 usec whereas the lifetime measured after excitation
through the epitaxial layer was 119 gsec.

The fact that the Huorescence lifetime can be altered
by the surface environment of the crystal indicates that
the surluce plays some role in the concentrution
quenching of Huorescence in NdP,O,,. However, it
has not yet been possible to find the environment
necessary for significantly reducing the quenching,

thy Umiaxial stress measurements

Fluorescence hfetime measurements were muade
while samples were under untuaal stress to deternune
the contribution to the fluorescence quenching due to
energy migration to randomly distributed sinks, A
sample of Nd; Y, PO, was mounted in a dewar
contwining an  hadraulically  driven piston and
mmersed in hgwd  aitrogen. The  sample was
compressed along the v-axis and exated by the
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apphication op extremenn ingh desels of siies oup T
2000 psi, results moonly an additmn g 107 quenaniny

of the tuorescenee Lletane

Sinks 101 rudnationiess quenchiimg o enerys
generally assoctated with N7 ons fowated e
crystal mmperfections  where docal strains Lo
ditferences in the energy ievel structure allowing Jross-
relaxation to occur Thus the phication 7 evie
stress would be expected 10 nroduce addition.,
stratns i the sample and. therefore, norease Ui
number of sink sites resulting i ennanued quehcti
Tos well known that neodymyum pentaphosse e
ferroclastic orastal and B Soumbaie a0
introduced 1o the cristal ™ vers sl evae
The fuct that only o smad Change o guencs e s
observed even with 4 large magnitude ol ipplicd stre
indicates that randomiy distributed sink s are nrobanh
not the sites responsible for radiationiess guenching &
this cuse.

3OSPECTROSCOPIC MEASUREMENTS
ta) IR spectru

If rudiationless quenching oucurs ot e surtuee of

NdP.O,, crvstals put notin the nuth, L0 mgnt b
expected that the eneruy leveis of Nd? " ois in ortice
sites are shifted in posion with respect 1o those of ions
in normal sites mosuch o way that cross reiaxation
transitions dare more favorable. One wav for this o
occur is the shifing ol the *1. o, level to Jower enery
An attempt was made o Jdetect such o st
comparing the nternal reflection spectrm to the
ordimary transmission -pectrum

The internal reflection spectram of NAP.O | was
abtaned i the regron of the 1oL nd G
levels usiyg a Perkin Flmer moded 21 spoctrarhneto:
meter with the Wilks retftectance attachment The
eaved samples were mounted on thasum reooo
iodide T KRS-S) prisms with indey maching tawg
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in =102y The & direction was chosen because
NAPLO,, can be cleaved  perpendicular to the
A ans. The atness or the (010) cleaved surfuace 1s
typicaliy Hnm over the total area of the sample. This
ehimmates polishing procedures and yields a surface
free of contaminants. The Wilks micro-sampling trins-
mission attachment was used to obtain a transmission
spectrum under sudar condiions to those used in the
internal rellection measurement. The two spectra are
shown in Fizo 20 Wade shits (300 um) were used to
mprove the signal o none ratio. Although this
broadens the spectri, 1o sinfts in the centroids of the *1
‘multipicts can be detected.

The penctrtion depth of the evanescent wave in the
rarer medium i oanternal ceflection s bopeally on the
order of 022 tn the spectral region mvestigated the
penctration depth would be approx. 0.3 09 um which
15 tbout 300 300 umes the lattice spacing i the b
Jirection. The Lack of observation ol a spectral shift in
the internal reflection results does not necessanly
prove that the eneryy ievels of Nd** jons in surface
wites are not perturbed. It may be that the region
sampied v v0 large that the magority of tons involved in
lr‘m'\mun\ are locited 1 bulk sites mastead of surface
sites

Apother point o note about the infrared spectrum

in Fig 25 that no impunty bands can be observed 1n
the region between 2800 and 3800cm ™' 1t s well
hnown that phosphate materials can contam hydro-
gen impunities which can act us quenching centers feir
juminescence. This does not appear to be the case here
since OH vibrationai transitions would be casily
visible in the near IR region of the spectrum
investigated.

(b) Photoucoustic spectroscopy
Photoacoustic (PA} spectroscopy s a technique
which direcly monitors radiationless  relaxation

58

processes by detecting the ,ound produced in uan
acoustical cell when o sample 1 excted by i
penodically varying hight source '7 . We previously
reported on the PA spectra of Nd Y| PO crystuls
and the basic experimentul apparatus 1s described 1n
Ref. (3] Two addmional types of PA meuasurements
have now been performed on this set of sumples using
the individual tines of an argon ion laser for excitation.
Thus light was chopped at frequencies varying from
100-2700 Hz and the laser power wias continuously
monitored and stabilized atu level of 015 W The PA
signal intensities from the samples were more than two
orders of magnitude greater than noise and empts cell
slgnals.

The tirst experiment was to record the maximum PA
stgnad from the vanious samples at twelve or more
chopping frequencies v alter excitatton with the
5145 A argon laser line. The results are shown in Fru, 3
for the NdP,O,, and Nd,, Y, ,P.O.; sumples. The
lightly doped sample shows o PA signal intensits
which varies as v throughout the whole range of
frequencies mvestigated whereus the concentrated
sample signal varies as v, ' at frequencies up to about
450 Hz und then varies as v, * 7 at higher freguencies,
Samples with intermediate concentrations exhibit PA
signal intensities which vary with chopping frequency
between u v, b und v 22

The thickness of these samples is ol the order of one
millimeter uand the opticul penetration depth «f
=2x"') wvaries between  ubout T00um tor the
concentration sample and 000 um for the 107,
sumple at this excitavon wavelength. According to the
theory of Rosencwiig and Gersho (RG the thermuai
ditfusion fength vanes with chopping frequency us X7
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where J is the thermal diffusivity. For NdP O, the
largest value of £ is (9] ~ 107 *em? sec ' and. thus. (|
ranges from about 34 um at v, = [0 Hz SHpmoat e
= 2700 Hz Itis approximately 27 um at 430 Hz where
the change m slope oceurs 1 the cunve for the [007 )
sample as seen in Fig. 3.

From the above consideations the results of these
axperiments should be classitied in terms of the special
cases of the RG theory as an opuically thin-thermully
thick case for the 107, sumple und an opticully thick-
thermally thick case for the 100%, sample. Since
Ly~ L inall cases the PA signul intensity 1s expected
to vary as v*7 The fuct that this is not observed 15
probubly due to the lact that the RG theory s based on
4 one-dimensional model where the thermal gradient
at the exarted surface causes umiform heat tow buck
o the cell. In these experiments a small arca ol the
totul sample surface 15 excited by the luser beam and
the heat s generated i a cylindrical volume within the
sample. The heat generated tn o faver close to the front
surface sull s domunated by the temperature gradient
at the surluce and contributes to the PA siznal as
predicted by the one-dimensional theory. However,
further into the sumple, the heat How s dominuated by
the temperature gradient radially out from the exaited
ovhnder and most of 1t will never reach the surface
within a duty cycle to contribute to the detected PA
signal. Comparing these considerations withthe results
obturned on the 107, sample indicate that the effective
optical layer depth tor heat contributing to the PA
signal £ os S0 wm, the smallest vadue of {,. For
< 1, the RG theory predicts a v f vanation of the
PA signal mitensity as observed. For the 1007, sumple
applang the above considerations to the data shown
i Figs Sandicate that the effective opucal layer s two
and abhalf umes greater than that in the 107 sample A
possibie explanation {or this is the added contribution
o the PA sienal from the heat generated by the
duitTusion und surface quenching of excitons. Although
these PA results are obviously too complicated 10 be
considered proof of exciton migration and surface
guenching, this mterpretation s at least consistent
with previous results indicating excton migration
lengths of the order of tens of microns and quenching
at the surface.

The second PA experiment performed on these
samiples wis an attempt to meusure thetr absolute
quantum etliciency. The maxima PA intensity and the
phuse 4t signal maximum was measured f{or wo
ditferent wurelengths of excitation at two different
chopping frequencies. The 4765 and S145A lines of
the argon laser were used for exatation und
measurements were made with v. = 312 and 1000 Hz,

The Nd? * energy level model used to interpret these
Jutas shown in Fig. 4. After absorpuion o levels £
or E- heat s generated by radiationless relaxation to
the metastable level E,. This level has radiative
transitions to the various muitiplets of the *f; term
with  branching ratios b, There uare ualsu the
possibilities of nonradiative decay and concentration
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guenching in which (I of the energy in £, s lost o
heat. After transiions to the higher 'ving ground term
levels, heat ts generated by radiationless relaxation to
the fowest ground level. These levels und transition
rates are Jabeled 1 Fig. 4 The quantum cliciencs.
probability ofnonradiative relaxation. und probubilits
of concentration guenching of the metustanle state are
given oy

DE =W, (M - Wig ~ W

Poo =W W = W= 18
Py= Wb, - W, - Xy

with the conditiun
QE+~ P~ P -] 4

The expression for the PA stpnul at priase angle -
alter excritation 1n energy level £, 1

Iy = CtP, E“)Ev:),"/"lix, Cos o=t lxvr =

¢
-1

where P, 15 the power absorbed. € s o fuctor
decounting for properties of the el und detect:on
system. and the sumimation i over wl transiions
which heuat 1s produced. o7 is the prababiiits tor the
nonradtative transiton to oceur between tevels 1and o,
E,; 15 the energy of this transition tan 1220 1 )i the
phase shift of the signal due to the fdeume of the :nital
level and ¢ s the phise shilt due 1o the detection
procedure. For NAP,O, il of the cnergy leved
positiong and branching ratios are known {0 Oaly
the metastable level has a fose enough Metime 1o
introduce & measurable phase shit inta the sgnal.
Evaluating the sum m egn 51 explicntly leads to
Tah= CPE, i B ccosty - o

Pl

=k —hQE ) cosy - tan lavoy -l

ke
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where t4 s the hileume of the metastable level and
h=L - hulfu - hssﬁn - ”QEM v

In order w ehinunate the unknown experimental fuctor
C. we took the ratio of PA signals at two different
excitation wavelengths. Solving for QE gives

QE =

AE-ccosiw — ) = AE  cosly + tan (2

rough estimute. Quimby and Yen 12 have reported
measurements of the quantum ctliciency of Na' - sons
in a glass host using PA mesurements. The modl
used in the imterpretation of thesr data s sumilur o the
one used here except that phase shiits for dulesent
transitions were not considered. Therr resuits indscute
4 QE(O) of between 1,65 and .75 lor Nd? " 1n gluss.

v T = ) = E qeosdy —Ug) - Eocosty +tan 'Qrv 1o — 1)

ATdcosw ~tan 2yt — 1)

aqtere the 6 und 7 subseripts reler o exartation at 3143
aid =708 A ] respectnvely and the factor 4o

I B DRTY S SINTY I )

Sinee the salues o be used tor woare sull m queston. 4

weeead el tion waes generated by maxinzing eyn (04

aith respect to 7 and soivang for Q8 which anves
Loosney =

S . " - b,
ANt = T Ty T =

1o

Lguation s and the two eguations obtaned from egn
St for twodeiferent exartation wasvelengths can now
hewonved mmultaneousiy inoan iterative way (o obtun
A amgue vaee tor QF To cheek the umiqueness of the
cosutl the procedure was repeated for both chopping
SrUguenuies

For the NdPQ sample a quuntum etliciency ol
045 was found 5y the method described above. In this
«tse the power absorbed in egqn 191 was assumed to be
tie total aadent power ‘or heth wavelengths of
excitation. The vaiue of the quantum etliciency :n the
thaence of concentration quenching can be found from
the expression QK101 = QEixir, - The combiaed
Bletme and QE(0 results indicate that QE(OY s
approximately 099 for NdP O, Sinnlar analysis of
the v =020 sample gives QFE1x) =042 ind QE(O)
= 9

The above procedure for determining quantum
ethiciency by taking the ratio of two PA signals was first
wuggested by Rockley 711 and applied to 4 simpler
case where phase angles for different transitions did
Aot present o problem. Although the results obtained
o NAP O, appear to be reasonable, 1t should be
pointed out that the value obtimed for QF 1s extremels
wisitive o the parameter 4 and even very smuail
changesin factors such as the ratio of power absorbed
can cause stiemiticant changes in the predicted QE. This
v especisily o problem when we are dealing with 4
situation having iy olvement with ai etfective thermai
laver as discussed previousiy and, thus, the value
vbwined for QE(OY must be considered as only avery

~costy = tan Nlreco -y

ey

4SUMMARY AND CONCLUSIONS

The vanous results Jdeseribed here provide further
mtormation on the opteal properties of NAP O
Both the hictime and PA measurements indicaie that
the surface platsy some role n the coacentration
gquenciing of this matenal but the “esults are 5ot
coctusive nosdentifying the guenching mechamm
Paotoacoustic measurements made oy Auszer 0
nowdered samples indicate that radiationsess Guench-
g 1y 2reater sor powders of M am ograin size than tor
Laree simuie crastans el s aise consatent wath the
predictions o suriace quenchine 1Y More direct

measurements of eaaton Jifusion usaz transient
"‘

tng technioues  are presenthy neoosed e

I
i

determune the possinle contnthuton of oy

it mlrgration To the quenciing
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Effects of pressure on the spectra and lifetimes of
Nd.Y, _.PsOy,

Larey D Merklets, lan L Spam® and Richard C Powel':
= Phasics Department, Colorade State Unversity, Fort Colhins. Caiorado 35023 U SA
L s Department, ORlahom date ' neersty, Shillwgter Oklahoms 73078, USA

Revemwed 290 september T9atan inal torm 2 December (usy

Abstract. S anationsan the uorescence hine positions, lineadths, and lifetimes with hyvaio
sdtic pressare ap o atout sUAP I are reported torsamples ot NAP O and NdLUY, PO
Fhe sosuits for the ety doped sample are consstent with changes i the radiative deoay
rate while the very difterent results vbtained on the heavily doped sample areanter. -edin
terms obincreised radiationless yuenching due 1o energy mugraion o trappng sites. Results -
are iy reported on the vaniations ain the Huorescence tetimes ot the R hines, and the
postons ot the N lnes and vibrome peans of ruby as a function of varostatic pressure

1. Introduction

The study of the eftects of pressure on the optical properties of umpurity ions in solids
can be useful in many regards. Changes in the widths, positions, and lifetimes of
clectromic transitions and their vibrational sidebands as a function of applied pressure
can give important information concerning the interaction of the impurity ou with 1ts
surroundings (Drotning and Drickamer 976, Tyner and Drnckamer 1977, Klick et af
1677, Webster and Drickamer 1980). Diamond anvil high-pressure cells are convenient
for such investgations, requiring the study of very smail samples. In this regard, the
lrzht intensity and small size of the illuminated arca available with lasers ure valuable,
The work reported here represents an exploratory application of the technigues of
pulsed taser exatation and gated electronics for time-resolved tluorescence studies at
high pressures in g diamond anwvil cell.

The measurements reported here include studies of the effects of pressure on the
absorption and fluorescence spectra and the lifetimes of Nd, Y, - POy forx = (1.1 and
1.0, In recent years there has been significant interest in understanding the optical
characteristics of NdP:O 4 because of its properuies as a stoichiometric laser material for
minilaser applications (Weber 1975). One of the most important properties of this
material, which is sull not understood. 1s the nature of the mechanism giving rise to the
weak concentration quenching of the Huoresence. These pressure-dependent results
give new information on the fluorescence quenching in this matertal which is consistent

3 Presentaddress Phyaes Depariment. Oklahoma State University, Stillwater. Oklahonmis “3078. U SA
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with an energy migration model. In addition results are presented on the pressure
dependence of the fluorescence spectra and hfetunes of heavily doped ruby cryvstals,
see section V.Z.

2. Experimental details

The diamond anvil high-pressure cells used for this study were destgned by one of us
(ILS) and are very similar 10 a cell described previously (Yu er al 1979). The major
modification made in the cells used here is the opemng of a contcal hole of 16° included
angle in the piston and driving screw, allowing optical access with approximately £3.5
aperture. A Huid of approximately four parts methanol to one part ethanol served 1o
maintain hyvdrostatic and homogeneous pressures.

Pressure was monitored by observation of the wavelength shiftof the R tluoreseence
line of ruby. For pressures in the runge of interest to thus work. this shift has been tound
0 be +0.365 A kbar "' (Piermarini ef al 1975). Also, a correcton was made tor the
temperature shift of the line, which is +0.067 A K ' near room temperature (Pacteold
1951) due to small drifts in room temperature, at which all measurements were made.
The ruby Huorescence was excited by about [0 mW ot power from the S145 A line of un
argon laser, which has been found empirically to be considerably less thun the power
required to measurably raise the temperature of the smatl chips ot ruby typically used .
(1U=30pum on u side ). The R-line spectra were measured with suifictent resolution that
the accuracy of the pressure measurements was limited by noise and wavelenygth cali-
bration to about =] kbar.

The htetime and high-resolution tluorescence measurements of the *F.; — 1, s tran-
sitionsinthe Nd Y - PsOysamplesand ot the ruby transittons were made with excitation
by the 3145 A line of the argon laser focused onto the sample through the driving screw
end of the pressure cell. Fluorescence was collected from the opposite end of the cell.
focused onto the entrance slit of a one-meter monochromator equipped with a grating
blazed at 1 um; and detected by a cooled RCA C31034 photomuluplier tube. For
analvsing the ruby vibronic spectrit. a resolution of about 0.4 A was used and for the
peataphosphate spectra the resolution was about 1.2 A To record steady-stute spectra,
the excitation power was about 10 mW _the beam was mechanically chopped at 100 Hz,
and the signal analysed by a lock-in amplifier. For fifetime meuasurements an clectro-
vptic shutter was used o generate 30 us pulses with pulse hetghts chosen to keep the
average power well below [0 mW. The decay imes were analysed by a boxcarintegrator.

Optical ubsorption measurements were made using a 100 W quartz-hatogen lamp
through a 1.4 M monochromator for the illumination source. The light was detected by
a cooled RCA C31034 photomultiplier tube whose output was measured hy a pico-
ammeter. The observed shift in the ruby R fluorescence line position indicates that the
light source caused sample temperatures to be raised by about £ to 10K n these
CXperiments.

For intrared Huorescence measurements, the sample was illuminated by up to
200 mW of power of the 5145 A line of the argon laser. which caused less temperature
rise than the transmission experiment, and the signal was chopped at U0 Hz. The
fluorescence was detected by a cooled PbS detector whose output was analysed by a
luck-tn amplifier.

The samples used in these measurements were chips broken from single ervstals.
The ruby was analysed by atomic absorption and found to have about 0.03¢¢ Cr'” ions
replacing the aluminium. The Nda ;Y0 oP:Oy4 and NdPOy, crystals cleave easily and it
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was thus possible to choose tlat pieces with parallel tuces for the optical transmission
experiments. However, it was difficult to measure the thicknesses of these smail preces
accurately, so only relutive absorption coetficients ot a given piece are reported at the
VATIOUS pressures.

3. Nd. Y, _PsOq results and interpretation

The fluorescence decay times of the Nd** emission in the two pentaphosphate samples
were measured at several pressures up to about 90 kbar. The Huorescence decay rates
are plotted in figure 1. The decav curves for NdP.Oy, were simple exponentials at all
pressures. At low pressures, the decay curves tor Ndu (Y, WP<Oy were also pure expo-
nentials but at higher pressure a taster imuial decay was observed to grow in ftwas
ditficult to get a quantitative value for this mitial decsy ume, since it was not greatly
different from the asymptotic time and lasted tor only about the first 60 us of the decay

T T T T T T 1 T
L —--9
/O‘
o
. =1y
J 9,//0
K o--97 '
2 x=91 i
Z _ e - &
= oha — — A— — & -i
x ! \
i
| |
'%1 I 1 i 1 I il i 1 j
J ] - Py 32

& 'kbcr.

Figure L. Total Quorescence decay rate ot 'Foyieveln NAY 20 clure =0 T und 1 U, as
s iunction of pressure

Figure 2 shows the fluorescence spectra of the *Fiy—*lo; Nd™™ transitions at low
and high pressures for both pentaphosphate sumples. The shifts in positions, changes in
relative intensities, and vanatons in lineshapes with pressure are different for the two
samples. Figure 3 shows piots of the line positions versus pressure and the pressure-
dependent widths of two of the transitions are shown in tigure 4. These are the onlv two
lines well enough resolved to allow therr widths to be measured accurately. The labeis
for these transitions are Ry and R; for the lower- and higher-energy crystal-field com-
ponents of the *F: ; metastable state and Z, refers to the ground state. The shape of the
RrZ, transition in NdP<O,, was analysed 1o determine the homogeneous (lorentzian)
contribution to the linewidth and this is also shown in figure 4. All of the lines in the
spectra of NdP<O,q appeared to narrow at high pressures similarlv 1o the data shown in
figure 4. The equivalent transitions in Ndy ; Y, ,PsO), ull broadened considerably with
pressure. but they were not well enough resolved to make quantitative measurements
of the widths as can be seen in tigure 2. .
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The fine positions tor NdP<Oy;are shown intuble | at fow and high pressures. These
are comniled from visible absorpuon and tluorescence spectra and from infrared emis-
ston spectra, The fluorescences to the *1hx: ana *1;; » manttolds were measured with very
wide slits vn the monechromator due to the poor sensitivity of the PhS detector and thus
only the total breadths of these mantfolds are given. Transitions o the '« > levels were
o weaa o observe either in Huorescence or absorption tor asample small cnough for
dramond cell stedies and the levels listed intable L are taken from Blutte erad/ (1973 ) and
SBOwWn (or compieteness. Note that most of the fevels move to fower energies with
Increusing pressure and some appear o be more sensitive to pressure than others.

Ihe e Hroadening with pressure observed in the uorescence spectram ot the
ety duped sample and the dine aurrowing reported m tigure < tor the neawiy doped
sampie ure didticalt e nterpret. In other matertals, such as Y. ALO 2 NdY T the Bomo-
2encous contnthution to the newidths has neen attributed o phonon absorptien ind
cmission transitions among the various levels of cuch munifoid (Kushida [Uowr These
processes may chunge with pressure as the positions of the energy levels chungz. tut
exact caleubiation o such changes is net possible without dara on the pressure variaton
ot the vibrational properties of these erastals,

The observed inerease in the uorescence decar rate at high pressures couid possibly
pe due to one ot three ¢ifects: an increase in the radiative decay rate ot zuch Nd' ™ on:
inmaoreace o the non-radiative decay mate of cach Nd'7 ton: or an increase in the
miteravtion between NdT T ons feading e luorescenee yuenchimg, The third possitility
appears 1o be the most hinelysimee angle-ion ettects should be independent of concen-
tration and “he observed pressure-dependent quenching properties are Jitferent tor
lightly doped and heavily doped samples. In addition, quantitatuve estimates ot the
non-radiative decay rate of the “Fos level give values of <20.2 of the total decay rate
(Weber eral 2974, Powell erad 1950b) and ttis doubtiul that pressure would cause this
10 micrease ta the extent necessary to explisn the NdP.O 4, data.

The radiative decay rates can be esttmated from the absorption strength of the
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L,y —*Fy, transitions and the relative tluorescence intensities. If the transiton proba-
bilities W &, and W, are known. the emission rate is tound from Einstem’s refations

to be

Wiz, = ngWeeor, + i Wiy, = ng Wa,a, + W e ()

where g, and ny_are the thermal population factors for the two crystal-ficld components
ul the *Foslevel. By working with the ratios ot transition rates for high and low pressures.
problems with accurately measuring sample thickness cun be avouded n determmmng
the changes in absorption cross sections. Correction must be made to account for the
change in the number of tons in the path of the hight beam. This can be accounted for by
a tactor of a-163 kbar) a*(0 kbar) where a represents the lattice constant. Table 2 ists
the integrated absorption coefficients for the two transitions and pressures ofinterest.

Tubte 2. Relatnve radiative transition rate parameters tor SaP O al atmosplienic pressare
and 68 kbar.

7= Thar = na khbar
W kiioes (OIDILEEEY UNILS) )37 S
Wos e Larbitrary umtsy Loy
fty oM Iumpcruiur;' )N
/'-:il'()UI'J '.'CHIPL'YUIUTC) ] '3:
-a

W o tarourary units) FREGLSNHT SAVEITE ST S}

B O A e e P Rt .28
F =10 oy 035
A =70 o] NN
M S PR IR )t o
Winhoartitpary dts) 63 S 2uNy abar et Rbarg

.

It abso seves the relutve thermal populinons of two enystad-iicld compoenents ot the 7
tevel uond the computed rudintive deeay rate to the Zy level, Comparson ot the refative
Juorescence intensities of transitions to other components of the *1; term and correction
for the known branching rutios at | bar t Lomheim and DeShazer 1978) noting thut the
transitions to the 'Lis ; levels make a negligible contribution to the decay rate. gives the

results
Wz (68 kbart  witoxkbar) | 0.3 ‘-
N ‘ = [iadi ) RS -
W (0 Roar) a0 Kbar

and

W es Rbur) . B MGl Kbar CZF(OS Kbar (13 =04 3}
. Jatesaban oLy 3

W) kban WO KDALY it ower teves @-L Kbar)

A recent paper by Asaumi erwd (1980) gives the compressibility of NdP:Oy, along the u
and ¢ axes hut not the b axis. Their data indicate that the compression fuctors in the
above equations must de no smaller thun about .95 The radiative decav rate o
atmuospheric pressure has been estimated to be about 3225 s 7 and thus the increase sith
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pressure predicted by eguation (3)1s fur too smadl to wccount tor the NdP-O,  data shown
in figure 1.

It has been shown that the oscillutor strengths for Nd** trunsiions in Nd,La, -,
P.Oy, are independent of Nd*© concentration (Auzel 1976). Thus the change in the
radiative decay rate with pressure should also depend httle on concentration und the
prediction of equution (3) should be applicable to the N, Y, uP:Osample. Companing
equation (3) with the data for the lightly doped sumple shown in tigure Lshows relatively
good agreement.

The above considerations indicate that the pressure dependence of the fluurescence
decav rate in NdP.Qy; is not due to changes in single-ion decay rates. Two multi-ion
quenching processes are possible. cross-refuxation between pairs of Nd’ 7 ons (Strek of
4197 Tvand energy migrationtosinks (Lempicki 1977, Flaherty and Powell 1979 Powell
er wf 1980a). For electnic dipole=dipole interacton. both ot these processes have an
R7" dependence on the separation hetween Nd'° ons and this will vary only weakly
with pressure beciuse of the small co npressibility of the material (Asawnt of af 1980).
The efficiency of cross-refaxation between pairs of Nd*7 1ons is dependent apon the
degree of resonance between the *Fr - — *1j« » transitions on one ton and the *Ly — 1. -
trunsitions on the other ton. The branching rato for fuorescence to the i< - manifold
is quite small at atmospheric pressure and the fact that these transitions are stitl oot
observed at gh pressure suggests that the matrnix elements for these trunsitions remain
smail. Since transitions to the *1j<» levels could not be observed. the change in their
nositions with pressure is unknown, However. since the *Fs 2 levels move tolower energy
with increased pressure and the spectral lines become narrower, in order o huve
increased resonance for cross-relaxation transitions at high pressures the “Lisa levels
would have to move very strongly to lower energies and reach very specific positions
tavourable {or eneryy matching. Thus the observed spectral properties do not appear to
favour strongly increased cross-reluxation at the pressures attained in this study.

The final possibility is that the increased decay rate at high pressures is due to the
increased energy migration to traps. This process involves transitions between the *Fj
and ‘1L sstates for which the matrix clements were shown above to increase with pressure.
Also,sinece the transier involves tons whose relevant energy levels e tn resonance. the
narrowing ol the tluorescence lines increases the iateraction strength at high pressures.
A simple diffusion mode! may be used to check the plausibility of this hypothuesis
quantitatively. In this case the rate of energy transfer to traps is proporttonal to tie
diffusion coefficient, D. and tor resonant electric dipole-dipole interaction this is given
by t Trlifay 193%)

W™ ) x g WL At *

where g is an average lattice spacing, W, Is the single-1on transivion rate and Jis ;1
the homogencous linewidth which is used to approximate the vpectral overliap intearal
between the two mteracting tons. Uang equation (21, and the homogencous lineswiaths
measured for the R~Z, line, the ratio of the rates of energy muzraiion and trapping at
high and low pressures is

W™e(68 kbar) . a*(0) kbar) (0:103 kbar) (1.2=0 “)\:(E)
W™s(( kbar)  a*(68 kbar) T

1]
)
a
I+
n

as(O kbary 21

This prediction cun be compared with the ratio of the radizuonless quenciung rates
found from the experimental data shown in figure 1 and corrected for the change in
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radiative decay rate using equation (3)

W28 kbar) . W08 kbar) — W68 kbar)
1) . = oy . rrady =3.0- (”b = US)

W0 kbar) WO kbar) — Wik kbar)

il

2168 kbar)

a( kbar) (o)

where the radiative decay rate at atmospheric pressute has been estimated o be
J225s U As noted earlier, the compression tactor is nearly umity, so that the obsers ed
catio ot the radiationless quenching rates is about 2.2 = 0.3, which is in close agreement
with the prediction of equation (3, )

3. Discussion and conclusions

The physicul mechanisms leading to the observed changes in the energy level positions
and transition strengths with increuased pressure in the neodyvnuum pentaphosphate
samples are probanly due to changes in the svmmetry of the ervstal field and the amount
of contiguration mixing due to thestrength ot the odd erystad-neld components, Further
studies are necessary to clarity the detatls ot these chunges. Ditferentiriansition encries
huve been assoctated with several types ot site svaumetries 10 N Y, PO envstas
tKruhler erf 1975y but no consistent trend toward one type ot svmmetry can oe seen i
our mgh-pressure resuits. Some work on covstal-tield changes with pressure has been
reported v Huber eraf (1977) on europium peantapnospate.

For the lightly doped mixed pentaphosphate sample the decreased liictime with
pressure s consisient with the mcreased radiutive decay rate whereas the ~tronger
vanauon observed in the heavily doped sampie can only be explamned by increased
concentration quenching. The sariations of the quenching rate and transition binewidins
with hivdrostatic pressure are more conststent with a modei of 2nergy migraton quench-
ing than one of cross-relaxaton, However, they do not help to distinguish between
randomly distributed guenching sites and surface quenching.
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capy has been shown recently to be a powerfu!l

method for swudyving spatial migration without
spectral transfer of electromce excitation eneryy
in s¢iids, ™ This techinique has been used to de-
rermune the diffusion coefficient »f molecular ex-
citens in crgame solids, ! but attempts to make
simiiar cseasurements on Frenkel excitons in in-
vreanic materials have resulted only in placing an
zpper bound on the diffusion coefficient because
the muizrution is too short to ubserve in the sam-
nies which have heen studied.”™ We report here
the results of FWLM o measurements on single crys-
ais of Nd, L1, P,O,, at room temperature. The
nrosence of energy migration is easily nbserved
and 1t s found to be diffusive with a migration
fivtanee of the order of 0.36 Thesge results
are of significant imporiance since they represent
an unambiguous determination of the range of en-
ergy igration in this class of stoichiometric
minitasers” for low-thresh-

re

.M

materiials used as
t

-ain applications. ™" The mechanism

old, hveh-
‘ ncentration quenching of the fluores-

>

“hese materials is not understand but it

ence in
is wnown o Leve quite different properties from
ather neodymium laser materials,® This is not

oniy an interesting lundamental physics question,
Sul it is also cmportaat inomaterial development

forluoer wpphications. The eontribution of ener-
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spacing. The resuits show that at room tem Bl v gl
ner distances of the order of 0.36 4m n the highiv o e o
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dymauwn pentaphosphate has been the siinect of

significant .nterest and some controversy, with
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These FA'M
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different experimental arrangements have heen

nsed to establish and probe populaticn gratinge S
excited states. A schematic diagram the setup
used for this work is shown in Fig. 1. The
tine of an argon laser was used since it falls sn
one edge of a Nd** absorption line. The absorp-
tien of this Dokt by the Nd'° ions in the sumple
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creates aospatial distnitation of excited -tates
with a sinusoidal pattern f wavelength & =4 o

where ¢ is the crasging angle of the write beams
and x ;s the wavelergth of the light in the =
This “population grating” can rcause the probe
heam Uy be scattered with the naxamuem =cate

ing eificiency occurring when the Droas
is catisfied.
Figure 2
decay rate K of the scattered prebe 2eam us a
function of the square of the crossing arsle of the
write beams for single crystals of NdP O and

<hows the results from moasimng the
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mixing measurements. 1 and 2, the write beams: 3,
the irncident probe beam; and 4, the scattered probe
beam,

Nd, .La, ,P.O,, at room temperature. The decay
curves were found to be exponential and the data
points shown in the figure represent the average
obtained from repeating the measurements nu-
merous times at the same crossing angle. The
error bars represent the spread in the data ac-
quired at each point. The increase in background
“noise’ due to extraneous light scattering and
the decrease in probe beam transmission caused
the data obtained on the heavily concentrated
sumple to be less accurate than that obtained on
the 20% Nd sample.

For both of the samples investigated, the probe
beam decay rate increases approximately linearly
with increasing values of ¢?, This can be related
directly to the mechanisms responsible for the
destruction of the population grating. This grating
can be destroved both by the decrease in the ex-
cited-state population by normal fluorescence
decay and by the migration of excited states (ex-
citons) from the peak to the valley regions of the
yrating, If the exciton motion is diffusive the
time evolution of the spatial distribution of the
excited-state population n(x, t) is given by the
one-dimensional diffusion equation’

an(x, t)/ot=Ddn(x, t)/a 2 - 77 n(x, 1), (1)

where D is the diffusion coefficient and 7 is the
fluorescence decay time. For the initial condition
of 4 sinusoidal spatial distribution of n(, 0) in the
1 x direction, the solution of Eq. (1) is

nx, t)=3e "/ T{1+expl~(27/A)2D1]cos(2mx/ A }.
(2)
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FIG. 2. Measured decay rates of the scattered probe
beam for NdP,O\y and Ndg -Lug, (PO, crystals at room
temperature for var:ous vulues of the crossing angle of
the write beams. The filled points are '™wice the meas-
ured fluorescence decay rates and the stra;ght lines
represent the predictions of Eg. (4.

The scattering efficiency is proportional to the
depth of the grating.'™*® This leads to the ex-
pression for the diffracted probe-beam intensity

LAY = 1,00, anV =1, 1%e ™%, i2)
where

K=2[(27,A2D+ 7" =(8mD /367 + 277, (4)

Here /], is the probe beam irtensity in the absence
of scattering and /, is the write beam intensity,
Both A and 8 have been corrected for the index of
refraction of the sample.

The theory outlined above predicts that in the
presence of diffusive exciton migration the meas-
ured scattered probe-beam intensity will decay
exponentially with a decay rate which increases
linearly with v2. These predictions are consis-
tent with the experimental results obtained on the
Nd,La _ P,O,, crystals. The solid lines in Fig. 2
represent the fit of the theoretical expression in
Eq. (4) to the experimental data. The intercepts
of these lines should be 2,7 and their sicpes can
be used to determine values of /). Table I lists
the measured {luorescence lifetimes {ur these
samples and they are used to plot the solid points
shown in Fig. 2 at #2=0. The theoretical lines
extrapolate nicely to these points. Tabie T aiso
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TABLE !. Exciton diffusion parameters for Nd, -
La,., P.Oy, crystals.

Sample (x) T (sec) D (cm®/sec) I, wm)
0.2 300 6.85x2107" 0.20
1.0 125.3 5.09%10"¢ 0.36

lists the calculated diffusion coeificients for these
samples. The average displacement of an exciton
along the grating directions in its lifetime is giv-
en by lx=(21)7)‘/’. The values for this one-dimen-
sional exciton diffusion length for the two penta-
phosphate samples are listed in Table L

The results reported here were all gbtained
with the laser beams incident on the b plane
{cleavage plane) of the crystal and with the sam-~
ple oriented to measure diffusion in approximate-
ly the a direction. Although some changes in the
results were observed when the sample was ro-
tated to different orientations, this experiment
is so sensitive to precise alignment that it is not
clear at this point whether the observed changes
are due to anisotropy in the exciton diffusion or
simply a slight misaligning of the experiment.
The question of orientation dependence of D will
be thoroughly investigated in the future. At high
“probe-beam” intensities a double exponential
decay was observed with a faster initial decay
rate. At angles larger than those reported in
Fig. 2 this fast-decay component dominated the
detected signal even at smaller probe-beam in-
tensities and thus limited the range of grating
spacings available for study. The decay rate of
the fast signal is independent of the crossing an-
ule of the “write beams’ and does not extrapo-
late to 2/7 and thus is not directly associated
with the “population grating.” There are several
other sources of refractive index gratings in
crystals due to different types of nonlinear opti-
cal interactions and it is not surprising that other
interference effects are present in a birefringent,
‘erroelastic crystal such as Nd,La,_ P,O,,. In
this paper we focus our attention on the proper-
ties of the population grating and plan to study
the characteristics of other types of gratings in
future investigations. It should be pointed out
that thermal ¢gratings can also be studied by this
technique and that the thermal diffusion coeffi-
cients are of the same order of magnitude as
those reported here. We can be sure that the dif-
fusion coefficients reported are not due to ther-
mal diffusion since the observed decay rates ex-

1022

trapolate to twice the fluvrescence decay rates
and the value of D varies significantly with Nd
concentration. Neither of these characteristics
is true for thermal gratings.

One important aspect of characterizing ernerygy
migration is identifying the microscopic nature
of the interaction causing the motion. A rough
approximation for the diffusion coefficient of an
exciton undergoing an incoherent random wualk re-
sulting from electric dipole-dipole interaction is'®

D =g($1N )R P/, (5)

where N, is the sensitizer concentration, 7. is
the intrinsic flucrescence lifetime, and it is the
“critical interaction distunce.” For NdP,O,,, Vv,
=4 x10* cm™? and, if concentration quenching is
attributed to energy migration, 7,=350 .s. Use
of these values and the measured value of 1) in
Eq. (5) gives R, =45 A. Although this is extremely
high, compared with typical values for R, in light-
ly doped solids, it is consistent with the theoreti-
cally predicted value R, in a stoichiometric crys-
tal such as NdP,O,, if resonant interacticn be-
tween ions in identical sites with small hormoge-
neous linewidths is assumed.'® Also, Eg. (5) pre-
dicts that the diffusion ccefficient skould vary as
the 4 power of the concentration, wkich is con-
sistent with the results given in Tuble I. In addi-
tion, it should be noted that the electr:c dipcle-
dipole interaction has a lony encugh range 10 over-
come any structural anis tropy.®

These FWM results show that at room temypera-
ture in NdP,O,,, excitons :iffuse over an averace
distance of 0.36 ..m 1n a sgecuic direction. The
relatively long range of the exciton diffusion
measured here disagrees stroagly with sev ral of
the previously published results.® ' % lcwever,
it should be noted that the authors of Ref. 15 nave
obtained more recent results in agreement with
those reported here.* It is not clear why the re-
sults of Weber and co-workers® ! are in contra-
diction to the prescnt results, but one source of
difference may be the greatly improved quality of
the large-size crystals now available for study.'*
Although the results reported here do not give
direct information conceraing the mechanism of
concentration quenching, they do show the ;res-
ence of long-range enerygy migration and thus it
is quite-possible for exciton diffusion and trapping
to play an important role in the quenching pro-
cess. The complete theoretical characterization
of eneryy transfer in Nd,La,.,P,O,, must await
further experimental results and this investica-
tion is presently being extended to several otrer
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samples with different Nd** concentrations in or-
der to establish the concentration dependence of
the diffusion parameters, which can then be com-
pared to the variation of the quenching rate. Also,
these experiments will be extended to low tem-
peratures to see whether any coherent contribu-
tion to the exciton migration can be detected.?®

This work was supported by the U. S. Army Re-
search Office.
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S f-Electron Localization in Uranium Compounds

Wolf-Dieter Schneider and Clemens Laubschat
Mmstitut jur Atom - und Festhorperphysik, Frete Universitdt Berlin, D-1000 Lerlin 23, Sormany
(Received 17 December 1980)

OLserved 7-eV satellites {n the x-ray—photoemission spectra of UUGa. and ~ther 5-
group compounds are shown to be due to two-hole final stites as confirmed by existing
Auger data. The presence of these satellites is an indication for a weak fd Lybridization
and, when compared to uranjum-—transition-metal compounds, increased 5/ localization.

PACS numbers: 71.70.Ms, 79.60.Cn

The nature of the 5f electrons in the actinides
nas attracted much attention both {rom the exper-
imental and the theoretical point of view. For a-
U metal it has been shown recently that the 5f
electrons have primarily itinerant character.!
The degree of 5f localization depends on the over-
lap of the corresponding 5/ wave functions on
neiphboring atoms and on the 5f-6d hybridization,
Since in uranium compounds the interatomic U-U
distance and the bonding properties are changed
us compared to a-U, a change in the degree of
the localization can be expected.

X-ray photoemission spectroscopic (XPS) in-
vestications on uranium compounds with B-group

elements have shown a characteristic satellite
structure at 7 eV higher binding energy of the U
4f core-level spectra (see Table ). The only
serious attempt to explain these structures has
been made for UO, where this satellite has been
attributed to a shakeup process from the oxide-
derived p band to unoccupied 5/ states.™?

In this Letter we show that, in the XPS spectra
of the intermetallic compount UGa,, a similar
structure exists for the U 47/ as well as {or the
U 5/ levels (we note that even the valence bands
of UQ, show such a struclure, which has been
interpreted as belonging to the O 2p band®), In
UGa, this structure cannot be explained by a

© 1981 The Amencan Physical Society 1023
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IV. ENERGY TRANSFER IN SEVERAL NEODYMIUM DOPED LASER MATERIALS

The following three sections describe the results of studies of energy
transfer in three different types of Nd3+ doped laser materials. Section
IV.1 describes the work done on YVO4 crystals including both host sensitized
energy transfer and site-selection spectroscopy studies. The manuscript in
Section IV.2 describes energy migration amoung Nds’ ions in neodymium aluminum
borate crystals using time-resolved site-selection spectroscopy techniques.
The manuscript in Section IV.3 discusses the results obtained on energy migra-
tion among neodymium ions in four different tvpes of glass hosts. Of special
interest are the results obtained as a function of temperature in this latter

study.
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Energy transfer processes in YVO,:Nd3 *

Dhiraj Sardar and Richard C. Powell

Physics Department, Oklahoma Siate University, Stillwater, Oklahoma 74074

(Recerved 11 January 1980; accepted for publication 31 January 1980)

Laser-excited, time-resolved spectroscopy techniques were used to investigate the characteristics
of energy transfer in YVO_;:Nd’ * crystals. The temperatuare and time dependencies of the
energy transfer rates were determined for both host-sensitized and impurity ion interaction
processes. The former process is found to have characteristics consistent with the migration and
trapping of localized host excitons whereas the latter process is consistent with multistep energy
migration via a two-phonon-assisted electric dipole-dipole interaction mechanism.

PACS numbers: 78.20. — ¢, 78.40. — q, 78.50.Ec

L. INTRODUCTION

Yttnum orthovanadate (YVO,) is an important maten-
al for applications in various types of optical systems. It is
useful as an infrared polarizer, and a host for rare-earth
phosphors and lasers.'”* In fact, YVO_:Nd® ~ laser crystals
huve been found to have some performance characteristics
supenor to those of standard YAIG:Nd’ * lasers.® Because
of the significant potential of this material it is important to
charactenze and understand the fundamental physical pro-
cesses underlying its optical properties. We describe here the
results of an investigation of processes of energy transfer in
YVO_Nd' " crystals.

The general spectroscopic properties of undoped
YVO,, and YVO, doped with Eu* *, Er’*, and Nd’ * ions
have been investigated.'"'® Host-sensitized energy transfer
nas been studied in samples doped with Eu’ * and Er’ ~
1ons.” This process is especially important in applications as
a rare-curth phosphor matenal but also can be useful in en-
hancing the pumping of a laser material. The process of ener-
&y transter between impurity ions in Y VO, has been investi-
gated” for Eu’ ~. This process can be important in
concentration quenching in luminescent materials and in the
operational charactenstics of lasers. We have characterized
both host-sensitized energy transfer and ion-ion interaction
in YVO,:Nd" - and the results are compared to those ob-
tained previously on yttrium vanadate samples containing
other trivalent rare-earth ions.

In addinon to the practical importance of the informa-
tion obtained in this work, the results enhance our general
understanding of the fundamental proceses of energy trans-
fer in optical matenals. The model used to interpret the data
obtained on host-sensitized energy transfer is one involving
exciton migration and trapping which has recently been ap-
plied® to inorganic “‘molecular” crystals such as YVQ,. The
model employed to explain energy transfer between Nd* *
1ons in this host is based on one of the new two-photon-
assisted interaction processes developed recently tointerpret
‘ugh-resolution laser spectroscopy data.'’ In both of these
areas only a few expenimental investigations have been car-
ried out and further work is necessary to develop a complete
understanding of these energy transfer processes.

The single crystal samples of YVO:Nd' * were investi-
gated. One had a doping concentration of 2% (2.55 < 10°"
cm jand the other 39 (3822 10 ¢m ).
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The experimental technique of laser time-resolved spec-
troscopy was employed for investigating the properties of
energy transfer. A block diagram of the expenmental appa-
ratus is shown in Fig. 1. The samples were mounted in a
cryogenic refrigerator for controlling the temperature. For
studying host-sensitized energy transfer a pulsed nitrogen
laser was used to excite the sample whereas for direct excita-
tion of the Nd’ * impurity ions a tunable dye laser contain-
ing rhodamine 6G and pumped by the nitrogen laser was
used. In both cases the excitation pulses were less than 10
nsec in duration. The half width of the dye laser pulse was
less than 0.4 A. The sample fluorescence wus analyzed by a
I-m spectrometer, detected by a cooled RCA C31034 photo-
multipler tube, averaged by a boxcar integrator triggered by
the laser, and displayed on a strip-chart recorder.

Il. HOST-SENSITIZED ENERGY TRANSFER

The absorption edge of YVO, crystals occurs at about
3400 A and the fluorescence emission appears as a broad
band peaked near 4500 A. Although some thermal quench-
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ing oecurs 1 this matertal, it still luoresces quite efficiently
at room temperature. The yttrium vanadate host crystals
were excited with pulses from the nitrogen laser at 3371 A
and energy transfer to Nd* ~ impurity ions was studied by
momnitoring the fluorescence spectrum at different times
atter the excitation pulse and by measuring the fluorescence
decay tumes as a function of temperature. The fluorescence
decay times for the host and Nd' * emissions are shown as a
function of temperature in Fig. 2 for the 3% sample. The
decay time of *F, , metastable state of Nd’ * shows very
little temperature dependence. The values of the measured
decay times are less than the radiative decay time® of 132 ys
which indicates that some radiationless quenching is taking
place. This 1s not surpnzing at these relatively high levels of
Nd' - concentrations. The host fluorescence lifetime of the
doped sumple exhibits the same temperature dependence as
the undoped sample but the magnitudes of the lifetimes are
smailer at each temperature due to energy transfer.” The rate
of energy transfer w can be derived from this lifetime
quenching 4s

(1)

and this 1s shown plotted as a functionof 1/7 in Fig. 3. As
seen from Fig. 3, the transfer rate is approximately constant
at low temperatures and increases exponentially above about
75 K. The activation energy for this increase in rate is about
250¢m .

The fluorescence spectra at two different times after the
laser pulse are shown in Fig. 4. The sharp line Nd* * emis-
ston ..creases with respect to the broad band host fluores-
cence as a function of time after the laser pulse. Figure 5
shows plots of the ratios of the integrated fluorescence inten-
sities of the Nd* * and host fluorescence emissions at two
temperatures. These time-resolved spectroscopy (TRS) dun
can be interpreted using the model shown in Fig. 6. 1,, and
7, represent the concentration of excited states of the host
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and impurity ions, respectively, whiic B,, and B, are their
fluorescence decay rates. }’is the rate ¢ f creation of host
excited states and w is the eaergy transier rate. The rate
equations describing the (ime evoiution of the excited state
populations are

dn,/dt =W —~8,n, —-wn,, Q)
dn,/dt =wn, — B,n,. (3)

These can be solved by assuming a delta function excitation
pulse. The ratios of the excited state populations obtained in
this way are proportional to the observed fluorescence inten-
sity ratios with the proportionality constant involving the
ratio of the radiative decay rates. Solutions 1o these equa-
tions were obtained for two cases: a ime-independent energy
transfer rate, and an energy transfer rate which varied as
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* Then the magnitude of the energy transfer rate and
the proportienality constant K were treated as adjustable
parameters and the theoretical solutions were fitted to the
TRS data.

It was found that at low temperatures the theoretical
predictions fora constant energy transfer rate could not give

! 14

£ zoad it o the data whereas the solid hine wiving the good tut
1o the data shown in Fig. § was obtamned using the time-
Jependent energy transfer rate. In this case the theoreucal
Cxpression s given by

Iy

- K icxp ((13,, B

‘ where

‘ w=" 7R C,ur0) (5
This expression describes the rate of energy transfer by a
single-step electric dipole-dipole interaction where C . is the
concentration of Nd' 7 1ons and R, is the ¢cnitical interaction
] distance. Using the measured vaiue of the host fluorescence

U

decay time 1n the undoped sample 77, and the value of w
obtained from fitung the experimental TRS dataat 11 K
} gives avalueof 14.6 A for R, A theoretical prediction for R,
can be ubtatned from the expression

R =[536 10 7 082/(nv )] (6)
where & "1 the quantum efficiency of the sensitizer, 12 is the

overlap .ntegral of the absorption spectrum of the neody-
mium :ons and the emission spectrum of the host, n1s the
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index of retracuon. v, is the average wave number in the
region of spectral overlap, and the numerical factor 1s for
unit consistency and includes u factor of ¢ for the average
angular dependence of randomly oriented dipoles. The over-
{ap mtegral is found from speetral data to be

{2 =73 x 10 " I/mol cm. Using this value along with

v, =20 10 *cm ', 40 =054, andn = .53 predictsa
value of 5.5 A for R,,.

At high temperatures (about 100 K and above) it was
found that Eq. (4) no longer gave a good fit to the ume-
resolved spectroscopy data. Instead the best fit to the data
was tound by ussuming a time-independent energy trnasfer
rate. In this case the solutions to Egs. (2) and (3 lead to

1,71, = . A
(B, ~w =0,
- lcxp[(/f,,_«u'—-ﬁ,)l]—-lj. ("

The dashed line in Fig. § represents the best fit to the duta
obtamed by treating w’ and K7 as adjustable paraumeteors.

A constant energy transfer rate is indicatin ¢ of a multis-
tep energy migration process.- This can be treated through
either the mathematics of diffusion or random walk with the
resulting energy transfer rates expressed as

w =47DR.C.p PNy
or
W' =, C,C (5b:

respectively. Here Dos the ditfusion cocticient, R, s the
trupping radius af the actnator site, 318 the volume ~er

molecule, ¢, s the excrtation energy hopping ime. €74 08

the capacity of the randem walk which reflects the size «nd
shape ofthe trapping region, and prepresents the prosamn
of the host excrtation energy being transferred to ai ats o
tor after mugraton has necurred G a aost ste next o an

activator. Siciie only one primary experimenta] parameter .
obtatned. (), 1t is very difficult to sepurately deterrune th

characterisuces of the migraton process and the trapping
processes. The best way to do this 15 10 compare the resuits
obtained from similar experiments on the same type of ost
crystal with different types of activator traps keeping in
mind that the migration properties of energy transter should
be the same for all samples with uny differences 1in the data
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TABLEI Companson of the results obtained on Y VO, samples containing
Eu'' . Er' ", and Nd'’ 1ons as activators.

YVO,.Nd' YVO, Eu'" YVOQ,Er' "
Parameters (38 <10%m ) (127%x10™em™) (1.27 % 10%m Y
R.(A) 14 4 2
d£ mY 250 156 1000
wiset Y 4110 1.0% 10 21410
Cidie, p MEDET 1.75 < 10° .68 % 10°
DR,p $6.10" 627X 10" 132x10
2 10~i0° 796 10" |
‘T=217K.

being attributable to different trapping characteristics of the
vanous activators. Table I compares the results obtained on
Y VO, samples containing Eu’ *, Er’ ', and Nd’ * 1ons as
acuvators.®’

In order 1o compare the fundamental energy transfer
properties in these three samples it is first necessary to adjust
tor the dutferent thermal properties of the energy transfer
rates. The same qualitative dependence as shown in Fig. 3
was observed in the other two samples but the measured
activation energies are quite different as shown in Table L.
This cun be attnbuted to thermal effects being present in
Soth the migration on trapping processes. Previous work on
undoped YVO, crystals indicates that host energy migration
occurs with the activation energy of about 625 ¢mm ' indi-
cattng that the differences between this number and the val-
ues of 3£ " appeaning in Table 1 are due to the need for ab-
sorbing or emitting phonons tn the trapping process at the
activator sites which can be accounted for as
so=pLexpt - AR, KT

Adter adjustiny the data to account for the different
thermat characternties of the trapping process there are two
possible wavs to taterpret the results. The first is to assume
that the trapping regrons for the three types of activators are
all the same size and the difference in the trapping character-
istics 1s due 1o the factor p,. Assuming a point trapping re-
aon' T Cr A4 = 0.659 or assuming a trapping radius equal to
he nearest neighbor Y-F distance of R, = 3,15 x 107"
cm. the values obtained for p,, are listed in Table L. In this
case the random walk model predicts a hopping time of ¢,

- 29 . 1} " sec and the diffusion model predicts that
D=126 « 10%cm sec . Inthe hmit of many steps in the
random walk the two models should predict the same re-
sults. This can be checked with the relationship

t. = as6D), )

where a is the average stepping distance for the excitation

energy. £ rhis s taken to be the shortest F-1 separation of
4 7¢ A and the value of D obtained above is used. the hop-

ping tme s predicted to be 1.5 X 10 7 sec which s consis-
ent with the value obtained from the random walk model.
The number of steps 1n the random walk 1s given by

SN (1)
which tor the Nd-doped sample investigated heres 758,

I'he second possible interpretation of the data s that
AL tor adl cases but the size of the trapping regrons are
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different for the three activators. However pursuing this ine
of reasoning leads 1o the conclusion that the trapping radius
for Er' * is of the order of 1830 A which is unphysically
large. It also predicts such a siow hopping time that only one
step could take place in a random wulk which is not consis-
tent with the observed ume-independent energy transfer
rate. Thus we conclude that the first approach to interpret-
ing the data s the correct one.

From the analvsis of the data described above the diffu-
ston length ar room temperature is determined from

[ =2D ) i)
tobe 8.8 < 10
pressed as D = D, expt — JE, AT - ahere JE s the act-

-cm. The diffusion coefficient can ve ex-

vation energy for hopping. The vaiue of D, is found 1o be
5S4 10 Tem e

Ill. SITE-SELECTION SPECTROSCOPY

The Nd' ' tons can be direcily excited with a dve laser
using rhodamine oG dve. When this is done structure cun be
observed in each of the spectral transitions due to the excita-
uonof ions in different types of crystal tieid sites. This ~true-
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ture changes with jaser wavelength due to the selective exci-
tation of 1ons 1a different sites as shown in Fig. 7. Energy
transfer takes place between Nd” = ions and this can again be
charactenzed through time-resolved spectroscopy tech-
nques. Figure 3 shows a typical emission spectrum near §90
am at two times after the excitation pulse. For both transi-
sons shown, the high energy structure decreases and the low
energy structure increases as a function of time after the laser
nulse. Designing the high-energy structure as transitions due
to 1ons tn selectively excited “‘sensitizer” sites and the low
energy structure as transitions due to ions in “‘activator”
sites. energy transter from seusitizers to activators can be
characterized by plotting the ratio of the integrated fluores-
cence intensities as a function of time after the laser pulse.
The results of dotng this at low and high temperatures are
shown :n Fig. 9.

The solid lines in Fig resent the best theoretical
fitstothe databasedonther.  .odelshownin Fig. 10. This
1s similar to the model used in Sec. I1 to analyze the host-
sensitized energy transfer results except that direct excita-
uon of the activators is allowed and no significant difference
could be detected in the fluorescence lifetimes of the ions in
-he sensiuizer and activator sites. The rate equations for the
excited state populations in this model are given by

dndit =W, —Bn —w, n,

dn,;dt =W, «w n — Bn,.

(12)
(13)
Tiiese can be solved assuming delta-function excitation and
sspectfic tirne dependence for the energy transfer rate. [t was
‘ourd that the best fits to the data at all temperatures were
prained with time-independent energy transfer rates. For
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FIG 10. Rate equation model for explaiming energy transter between Nd
tons in YVQO,

this case the solutions to Egs. {12) and (13 give

1,71, =K " [n,10)/n(0) « 1 ) exptes 1) ~ i, ‘1i4)
where the radiative decay rates are assumed 10 be (he sume
for sensitizers and activators. The solid lines in Fig. 9 repre-
sent the best fit to the expennmental data obtained using Eq.
(14) and treating w., and K “ as adjustable parameters. The
temperature dependence of the energy transfer rate can be
oblained using Eq. (14) and measured fluorescence intznsity
ranos at shert and long times after the excuation pulse. The
results are shown in Fig. I1. The rate appeurs 10 be approxi-
mately constant at low temperatures and then increases sig-
nificantly above about 25 K. The activation energy for this
increase 1s found to be about 15 ¢m . This is essentiully the
same as the cryvstal field splitting of the *F. . level in this
system.

The temperuture dependence described above is indicu-
tive of a two-phonon-assisted energy transter process involv-
g a real intermediate level.'! In this case the energy trans-
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FIG. 11 Temperature dependence of the rate of energy transter hetween
Nd  omvin YVO, Nd 3 Seetest tor explanation . U the theoretic s
hne.)
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TABLE 1l Nd .- Nd ' ' energy transfer parameters.
YVO,:Nd"

Pacameters (3.3 1 10 em )
¢ oem o Jo - 10"
C.otem P8 . 10"

JE (em ) Yo

AF wem " 79

S{em ) 15

lem ) 9

7R, wem’) 415 . 10
JIRYL, wem®) 94 x 10
R.. tem) 356 10"
Diemisec ) L3 -
RS LRI
rasK re ek

. oy
ter rate s given by

W, = TLOC,C R AL~ exptdE /AT

J: J; )“
‘ (JE;‘\ VA
,/: 2,./: I
( — - ) expl —o/kTHy, (19)
N

where J, und J. are the won-ion interaction strengths mvolv-
ing the imtia] and intermediate states, respectively, I is the
width of the intermediate state. and 3 is the energy o the
shonon needed to change the 1on from the initial to the tnter-
mediate state. In this case the intermediate state is the upper
crvstal ield component of the *F,y level, so o s 15 cm '
Tne width of this level ts measured from the transition be-
vween st and the zround state tobe 3.9 ¢em ' QK 1s mea-
<ured to beabout 79 em TS E i taken to be about one-
thurd of the mhomogeneous linewidih of the sensiuzer tran-
«tion which s measured to be L6 cm ', This is consistent
with previous results on garnet samples.™ The squared ma-
‘ria clements can be expressed in terms of Judd-Ofelt param-

cters ‘n\'J
. SR / X
o= l (S‘.(),k o, Ut U )
(2 - 1w2J, - \T /
'\"12” o U J;‘)‘f), {16}

The summuations over reduced matny elements have been
evaluated tor the *F, - 10 Yo, transutions of Nd' 7 in YVO,
ard ure grven by’

J =415 10 "R “"cm’,

(17)

Jo=940 - 10 "R “em’,
~vhere the population differences between the “a™ and “b ™
cempanents of the *F7 L level have been taken mto account,
‘Aoih these consideratiens. Eg. (15) predicts values for the
energy transier rate at different temperatures shown as a
soltg Tine n Fig. 11, This is in good agreement with the val-
uen obtained expentmentally at high temperatures but pre-
Jict emaller values tor the energy transter rates than those
absered at low temperatures. The theoretical parameters
ot s model are summarized in Table 11 81

IV. DISCUSSION AND CONCLUSIONS

The results of the investigation of host-sensitized ener-
gy transfer in YVO,:Nd' " are consistent with the model
proposed previously from studies of yvttnum vanadate with
other types of trivalent rare-eurth impurities.” ” In this mod-
el the host excited state considered to be a charge transfer
transition localized on a VO ~ molecular 1on. This can be
treated as a Frenkle exciton which is self-trupped at low tem-
perature und undergoes thermally activated hopping among
the other vanadate molecularions at high temperatures. Pre-
vious work indicates that the mechanism responsible for the
exciton hopping is exchange interaction and the large Stokes
shift due to lattice relaxation in the excited state 15 the cause
of the self-trapping at low temperatures. Tabie | compares
some of the relevant model parameters obtained from stud-
ies of YVQ, sampiles doped with Eu’ ~, Er' *, and Nd” ~ .
The trapping probability per visit to an activator site and the
thermal activation energy {or trapping are found (o be yig-
nificantly ditferent for the samples with the three different
impurity ions. The reason for the different trapping prob-
abalities is not known but it should be noted that they in-
crease with increasing number of 4 f'electrons and decreus-
ing ionic radius. Additional activators in this host should be
investigated to determine the relevance of this correlation.

At low temperatures where the excitons are seif-
trapped the results indicate that energy trunster to Nd*
1ons tukes place by a stngle-step electnie dipole-dipole inter-
action process. This s consistent with the results found ‘rom
mnvestigatmg Eu' " and Er' - doped samples * [n the pre-
vious cases the vajues of R which characternize this process
were found 1o be of the order of a few angstroms and
agreement with the predicitons »~f spectral overiup meascre-
ments. For the data described here for Nd-doped sampies R
wus feund 10 be sigmificantly larger than for other sctisators
and even larger than that rredicted by speciral cverlap o n-
siderations. The reason for this is not presently understood.

A previous vite-selection spectroscopy invesnanthion huy
been carried out on Eu 7 ions in YVO, crystuls. In that
case 1t was found that the results were consistent with energy
transter by a single-step resonant electric dipole-dipole inter-
action process but the data analysis was complicated by hav-
ing three distinct types of sites. The results obtained here are
conststent with a multistep diffusion type of energy 'ranster
with the mechanisms tor diffutions an t~nping both in-
volving two-phonon-assisted processes. wae ceason for the
significant difference in energy transfer charactensucs for
different impurity ions may be due to the much higher con-
centration of Nd* * ions in the YVONd' ~ samples. The
model used to explain these results is similar to that used for
interpreting the results of similar investigation of Nd-doped
garnet crystals.''* The main difference in the models used
for these two systems is that in the garnet hosts the interme-
diate state for the phonon-assisted energy transfer is the first
level of the ground state manifold whereas for the vitrium
vanadate host it1s the upper component of the metastable
state. The reason for this may be that the splitting of *F .
level is much smaller in YVO, crystals than 1t is in garnets.

1t should be emphasized that the agreement between




theory and experiment at high temperatures, shown in Fig.
11, is quite good considering that there are no adjustable
parameters in the theory. The poorer agreement at low tem-
peratures indicates that other energy transfer processes are
becoming important in this temperature range.

The origin of the different types of crystal field sites for
the Nd’ * ions is not known but such site multiplicity has
been observed in this system by previous investigators.'® [tis
well known that a major problem with yttrium orthovana-
datecrystals is the presence of imperfections introduced dur-
ing crystal growth. Chemical or structural defects located
near to Nd* ~ ions could result in nonequivalent sites. The
sites which are selectively excited by the laser are the domi-
nant types of sites for Nd* * ions in the activator type of sites.

The value of D found here for energy migration among
Nd® - jons in Y VO, is within the range of values between
10 ¥ and 10 ' found for other rare-earth ions in solids.
The diffusion coeflicient for energy migration among the
Nd' " ions is given by

2 2 AE&‘ :
D= 33C!°R:, (Jf +J: *—(—)—)
(QF,) +8[l°
< (20 /RIE V) + explAE, /ki) Jexp( — 8/kT)
(18)

and is found tobe 1.3 % 10 "' cm” sec ~! at 295 K. This is
somewhat smaller in the vanadate host than in the garnet
host due to the increased value inhomogeneous broadening
of the transiitons. ]

An attempt was also made to fit the data using a Monte
Carlo computer simulation procedure'” to account for the
the fact that the Nd’ ~ “exciton” is hopping on a lattice of
randomly distribution sites. A good fit to the datais shown in
Fig. 9 for the 100 K data assuming a critical interacation
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distance of R, = 23 A which is similar to the resuits obtained
for Nd’ * ions in garnet hosts.

In conclusions, laser time-resolved spectroscopy tech-
niques have been used to determine the characteristics of
both host-sensitized energy transfer and energy migration
among activator ions in YNO,Nd’ * crystals. Understand-
ing these processes is of fundamental importance in the use
of this material in laser and phosphor applications.
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A pulbsed, tunable dye laser was used to selectively exciie Nd' 7 wons in nonequivaler. -
crystal field sites in NJAL(BO, ), crystals and energy transfer between ions i differemt
types of sites was studied by momtonng the ume evolution of the fluorescence spectrum

The results show that the energy transfer rate vanes s ¢ ' ° und increasses wath tempera-
ture. The predictions of vanous models of phonon-assisted energy transler are compured 10
the results.

1. Introduction

Neodymium  aluminum  borate, NdAl(BO;);, is one of the several
“stotchiometric laser materials” which have gained recent interest due to their
use in minilaser applications [1,2]. In these materials a high concentrauon of
Nd’" ions can be present (5.43 X 10%' cm ™2 for NdAI(BO, ), ) without strong
concentration quenching of the fluorescence emission. Since these materials are
relatively new, there are sull many aspects of their physical properties that are
not well characterized and understood.

NdA!L(BO;), (NAB) has a complex crystal structure with marked deviauon
from inversion symmetry and significant 1solation of the Nd polyvhedra [3.4].
The strong odd-parity crystal field admixture of the f and d configurations
results in a short radiative lifetime and the highest cross section of any Nd
material. Although laser action has been observed in NAB, the spectroscopic
properties of the material have not been well charactenzed [5,6]. One property
of special interest which has not been investigated is the interaction between
Nd?* ions which may lead to fluorescence quenching,

We report here the results of a study of energy transfer among Nd** ions in
NAB crystals. Time-resolved site-selection spectroscopy techniques were em-
ployed to determine the magmitude, ime dependence, and temperature depen-
dence of the rate of energy transfer between Nd'™ ions in noncequivalent tvpes
of crystal field sites. Several possible interpretations of the results are dis-
cussed.

0022-2313 81, 0000-0000, $02.50 « 1981 North-Holland
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2. Experimental techniques

The samples consisted of small single crystal pieces of NdAL{(BOy),. These
were mounted on the cold finger of a cryogenic refrigerator capable of varying
the temperature from about 10 K up to room temperature. A block diagram of
the experimental apparatus is shown tn fig. . A nitrogen laser-pumped tunable
dye luser was used to excite the sample. Using rhodamine 6G, a pulse of less
than 10 ns in duration and about 0.4 A halfwidth was obtained. The sample
fluorescence was focused onto the entrance slit of a one-meter monchromator
and detected by a cooled RCA C31034 photomultiplier tube. The signal was
averaged by a boxcar integrator triggered by the laser so that cither the
lifetimes or the fluorescence spectra at different times after the excitation pulse
could be recorded.

The wavelength of the dve laser excitation light was approximately 5920 A
which is absorbed in one of the higher excited states of the Nd** ions. After
relaxation of the *F, . metastable state, the emission to the various compo-
nents of the *l,,, ground state manifold was monitored. The lifeume of
fluorescence was found to be 20 ps and independent of tempgrature between
10 and 295 K.

The fluorescence spectrum of NJAI(BO, ), at 11 K in the region from 8780
10 8940 A is shown in fig. 2 for two different excitation wavelengths. The lines
from each transition exhibit a significant amount of structure and the domi-
nant structural components vary significantly with excitation wavelength. The
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Fig 1 Block diagram of experimental apparatus
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1 Frig. 2. Fluorescence spectra of NdALBO,), at 11 K for two different excitation wasvelengths

relative intensities of these peaks vary in a uniform, continuous way bhetween
the two extremes shown in fig. 2 as the laser wavelength is scanned from $919
t0 $925 A. Thus structure can be attributed to the presence of ions in slightly
different types of crystal field sites. By tuning the dve laser wavelength. ‘ons in
specific types of sites are selectively excited. Energy transfer between ions in
spectrally different sites can be studied by monitoring the time evolution of the
fluorescence spectra after the laser pulse. Fig. 3 shows the spectrum at wwo
umes after the exatation pulse for a specific excitation wavelength at low
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Fig. 4 Rauos of the itegrated fluorescence intenstties of activator and senslizer ransiions as 4
function of tne alter the excitation puise at 11 K and 40 K. See text for explanator of theoretical
lines

temperature. At short times, the high energy components of the transitions are
dominant; as ume increases the low energy components grow in intensity with
respect to the high energy lines.

The quantitative analysis of ¢nergy transfer from Nd*" jons 1n sites
producing the high energy transitions (sensitizers) 10 10ns in sites resulting in
the low energy transitions (activators) can be obtained by plotting the time
dependence of the ratios of the integrated fluorescence intensities of the
activator and sensitizer transitions. The results are shown in fig. 4 for 11 and
40 K. At higher temperatures the lines are broadened 1o the extent that the
transiions from ions in nonequivalent sites cannot be  esolved accuratelv. The
solid lines in the figure represent theoretical fits to the data discussed 1n the
following section.

3. Interpretation
The time-resolved spectroscopy results can be interpreted using the phe-

aomenological rate parameter model shown in fig. 5. The “sensitizer™ 1ons are
those 1n the site preferentially excited by the laser at a rate W), whereas the
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Fra 3 Model for interpretanon of energy transier data. See tent for auplanauon of —mbors

actvators” are tons i sttes which recenve the energzy through energy iransfer
as well us betng excited by the laser at o rate W, n und », are the
concentrations of jons in the excited states, w15 the rate of energy transter,
and 8 1y the fluorescence decay rate which was found w be approximately the
same for wons i both types of sites.

The rate equauons descnibing the ume evoluuon of the populanons of
avaited states are

Jn, dr=W, = Bn_ —w n {(h

Ry R

dn, de=W —8Bn, ~« n,. (29

These cquations can be solved assuming a delta-function excitation puilse and
an explicit tme dependence for the energy transfer rate. A vanety of different
heoretical models were tested, but it was found that the hest fits to the data at
hoth low and high temperatures were obtained with an energy trunsfer rate

JiT

i which »anied as ¢ 1 7 The solutions of egs. (1) and (2y are
aler=nitye Bt D]
alt) = "?\(0)[‘3 S } =a,(Me P (4}

where the tme dependence of the energy and transfer rate ts written exphicicy
as w, =wr . The ratio of integrated fluorescence intensities 1s then uven

by 3
‘ : )
ii:}\'-'(n‘(())'~l)e;":—l“. (s
I, Hon(0) |
where K is a constant containing factors including the radiative emission rates. ]
‘The solid lines in fig. 4 represent the predictions of this expression treating K.
w and # M, n(0) as adjustable parameters,
The temperature dependence of the energy transler rate was determined by
measunng the fluorescence intensities at different times afier the excitation
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pubse as 2 functron of temperature and fiting the date usanz eq (5 Phe rears
wre shown in figo 30 The transfer rate was foand (o be appromateds oostant
below 23 K and to increase at higner temperatures.

4. Discussion and conclusions

e tine tependence of e vieray STaanier Lo s 0 e e i sk 0

the mechanism of enerey transicr, e s sAralion bere

Jdue o Several tupes of processest sinzle-step cloctino dipole aipoae e ton
hetween randomly  distributed censiizers and oactvators uitistep oner e,

migraton on g one-dimensionst lttice: and Sup-modulared mers

o three dimenstons The Tist of these possthilines o g

vonmon and can be senned throegn theoretical predictions f Gie maznitnae
of the enerey transfer rate. AU T K the mcasared value of w oo~ i us

The theorencal sxpression Tor the rate of anwiessien cjectric Jdipowe dipoie
energy transler ameny randomiy distrthoied ons i 7

P G G I O R
4 N

where ¢ o the concentranon of wcuvators, = s the mtrnsic Doorecence Jdevas

1l R . T
N Iooer Qo ’
4 ! e f — ~
1\““1‘4 <’J‘, LA
meT o laTnr
L |

where o) s the quantum etficienes of the censiizer s b
of the actvators ¢ s the averize wave aumiber o ihe

> i
overdap, and W the spectrad overtap aatearal, Using the o

cnergy transfer tate e, (0 along win the walues of ¢ !
Jeternuned by companng relauve spectrad mtensitios at ifferent eacitauon
wavelengths and = 7= 50 us which iy the vadue measured i highdy Joped borate
samples {9 2ives a measured value of R = 20 AL Ty can be compared o e
theoretical value predicted by eqo 7w where 1 s calculated from spectra
Mmeasurements 1o be 253 - 10 Y and the overiap integral s approamated oy
the overap of two Lorentznn lines

U L 27 i Y
Y VO e P

At 11 K the predicted vaiue s R, = 7.6 A The difference m the predicted and

measured values of R osignificant. Although seme of the walues of the

parameters used moobtainimyg these restits are rouh estimates, ~uch as o and

Q. any reasenable choice of vaiues given at least a factor of 2 difference

between the two determunations of R ).
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Phe snconsisteney deseribed above mdicates that the single-step mechanmism
iy ot respunsible for the observed energy innster i this sostem. The econd
tvpe of possible eaergy transfer provess having the obsenved tme dependence
i random walk inoone dimenston. In this case the Nd77 o i the exerted
metastable state s treated o a brenkel evaton wluch can megrate o caner

senmitioer ons before bevomimg trapped 2t an acivator ates The snerss

transter rate for a random walk process can Beoeapreased as o
The cndton sampiv nesw sies muitolicd taoae Traci w of o sites ocap
wooocmvateas el Ui the enpreswion for e ~amphne functn g tor

v

Biisional atce 2nve

“ ‘-’:'r‘:\':‘ R /\’»4'}1—' - e

v heen assumed that cach step i the random s G aaey Plice s

crele dipole interaction mechanasm between wons eparated by 4
dmtance Ro The closest d won separation in NAALBO. j, crostals iy 91
Ung i and the mewsared value of the enceravy transfer rate vy %) mives

crac ot & T2 A which s consistent wath the thereticad predictons of e

'

Phe third possioility that the ohaerved cneray transfer cnaracienstios are

sur o nap-nedulated energy mizrzuen notiree dunensions can not be casthy
aroven of disproven since ans inpe of trap distribution necessary e Ot the data
sai be pestuiated T2 Apimportant queston s whether or aoteaciton mouen
rositicted tooone dimension s {easible n this tepe oF orvstad, The publishes
crvatal ctructure of NAALOBOL ), indicates that o Nd ron stte las 9 neurat
nerehibor Ndoons i ovarious orastallographie directions 3L However, more

reoent structural measurements desenibe this oyl s having o two-
Bmenstonal lavered structure (131 The feasiptiity of o preferred mgratien
directon must await pubhcanon o the detals of his structure. U should he
amphasizad that theoreucal medels tor fitinyg the TRS data are wery seasitive
o the mme dependence of ahe proposed energy transfer mechanism and
attempis o v the daw with two-dimensionadl or three-dimensional random
vath models or with singie-step fugher order muitipole processes were all
ansuccessiul,

The observed temperature dependence of the energy ransfer rate cun 3
provide forther informaton abeut the nature of the energy transfer mechanisim L

and e role plaved by phonons it high temperatures. Several Jifferent
Srocesses can contnbute o the merease in the transfer rate with moreasing
‘emperature. These include the increase in the spectral overlap ntearal. the ;
increase in the number of phonons available to make up the mismatch between j
sensitizer and activator transitions (ME, =12 em "1 and the increase in ‘
populaten of higher energy sensitizer and activator levels which can take part !
in the transfer process [14] For this case the finst two tvpes of processes were
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found 1 be mnconsistent with the data shown in hg a0 The third mechunism
can be apphied o ether sngle-step or multistep transter. For oy osingle-step
process the expression for the energy transfer rate in eq. 6 would be antien
as the sum of transfer rates for euch set of irunsiions »eighied by the
sopulations of the mual states of the transitions. The vbsened temperature
dependence 15 not consistent with populating he first excited level oi the
sreund state manifold of the activator, £, =60 ¢n. 7' A Jualitatve it to the
data shown in fig. 6 can be obtamned assuming the :mportant actvation enery)
o AE, =25 om' which 1s needed w0 populate the higher crystal fieid
component ol the metastable state of the sensitizer. Hewever, the room
temperature spectrum shows that the b-1 transitton is less intense than the
« -1 oransiton and thus, energy trunsfer should not increase as the b level
becaines popuiated from the a level {91

The most consistent it o the data s found from the one-dimensionai
random walk theory descmbed hv expressing eq. (9 as a sum over the
chermally acuvated transitions mvolved n the angranon If the ~um s am-
olified to include oniy the terms for the ground .tete and e nost exaned
component the energy transfer rate 18
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where ¢, and 7> are the hopping umes involving the two types of transisons.
The geod fit oo the data shown by the sobd hine m g 6 was found with
AL =oelem L, =007 o and vy = 0TS s L Both the natae o
the actnvation energy and the Tact that 1o are consistent wath <pectra
aeservations, The magmitude of ¢, 7 s consistent wath the theoretcul predict-
oy SRR

In summuary, e energy ransfer ehanctensues of NAB orvstals are con-
aistent with a one-dimensional random walk in which the hopming rate
mereases us the st excrted component of the zround state muluplet becomes
thermually  activated. The diffusion coetficient at low temperatures s [
- Ry, =130 o e These charactensues are gunte different
from thosc found n other Nd' 7 -doped orvetals (150 The differences may be
essetated with the different orvstal structure of NAB winch -ull must ~e
clanified. tt shouid be pointed out that the conventonal approaca to the stuas
of energy transfer has been used in this invesugaton in thet o phenomenolog-
cal rate parameter medel was auhized 0 obtain the pomary charactersue of
the transfer rute from the expermmental data ad secondary information wos
obtarned from comparison with the predictions of <tandard theorres More
sephisticated theenes are now bemng developed which rase gquestions shout
some dspects of this convenuonai approach (1o} but they are not » ot sstab-
ited Lo the pomt where they can be used to analvze new dawa udh o that
sptaned inothiny siud
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Figure 1 shows examples of the fluorescence. For all of the samples the
selectively excited spectra evolves with time toward the broadband excited
spectra. The fluorescence decay times vary across the emission band and the
amount of variation is different for each sample and becomes less at high
temperatures. The lifetimes measured at the peaks of the emission bands at
12 K are listed in Table 1.

The results described above show that laser excitation selectivity excites
Nd3+ ions in different types of local site environments and that energy transfer
takes place between ions in these different types of local sites. The function
describing the energy transfer can be written as [2].

a(t)=f 2 [I(w,t)-1(w,®)Jdw// *? [1(w,0)~I(w,=)]du.
9 wy

Aned e

INTENSITY (N.AL)

o ennt 1
A o e A i A — 't " i A ‘
10 12 . - .4 16
Jxagrdemen
Figure 1
Normalized emission spectra at 12 K broad band excitation; .... laser

excitation at short times (10 us for ED2, LG, and LP and 1 us for NP); ----
laser excitation at long times (400 us for ED2, 600 us for LG, 300 us for LP and
50 us for NP). 94
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a(t) can be approximated by an exponential curve with the e-l time given
by the values of a listed in Table 1.

-+
The rate of energy transfer between two Nd3 ions separated by a distance
R can theoretically be estimated by:

1 6

4 A (t) . 12
p= (2/3) (2n/h) - e'/R° L I % <3, | [0t 3]
(ZJA +1) (ZJB +1)° t=2,4,6 t A A
B (t) .12
x I Q. |<3 | v | a4
e=2,4,6 °© B B

This assumes a resonant electric dipole-dipole interaction. L is the integrated
spectral overlap and the line strengths are expressed in terms of the Judd-Ofelt
parameters 2. and the reduced matrix elements of the unit tensor operator. The
matrix elements and Judd-Ofelt parameters were calculated from spectral data and
the results were used in Eq. (2) along with estimates of average values of R ob-
tained from the known concentrations assuming uniform distributions of Nd ions.
The spectral overlap integral in this case involves all of the transitions
between the various Stark levels of the excited state and ground state m nifolds.
This is proportional to the extent of splitting of the J-manifolds whicl. can be
approximated by the effective linewidth SAofe 3 and these are listed in Table

1. Note that SAgff is actually measured for the 4F3/2 -+ 4111/2 transition but
this is proportional to the effective width of the 4F3/2 N 414/2 transition 3.

L] T 7 O F 7 L T T

o(psh

10

10‘3 i | 1 a1 1 I 1 A 10.4 *
103 164 105
P(ALY
Figure 2

Measured energy transfer and quenching rates at 12 K plotted versus theoretically
predicted electric dipole-dipole energy transfer rates.

As a rough approximation we assume the variation in 63 from sample to sample is
proportional to the effective line widths (3). 1In Fig. 2 the measured values of
a” at 12 K are plotted versus the predictions for P expressed in arbitrary units.
a”* varies uniformly with P from sample to sample which shows that the glass com-
position effects the strength of the energy transfer through L and Q.

Another parameter of interest is the radiationless quenching rate Q—l =
rfl‘l - Trad_l where tf] is the fluorescence decay time and Tyzq is the radiative
decay time._ The values of Q~l at 12 K are plotted versus P in Fig. 2. The vari-

. ation of Q'1 with P is the same as that of a~! which indicates that the physical
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processes causing the differences in a~l from sample to sample have similar
effects on Q‘l.

The temperature dependences of a are quite different as shown in Fig. 3.
Since there are several different physical processes which can contribute to the
temperature dependence of the energy transfer rate it is difficult to give a def-
initive interpretation to the observed results. One possible interpretation
which is also consistent with the different spectral characteristics seen in Fig.
1 is the following. Energy transfer in the NP and LP glasses may be associated
with single-phonon assisted process involving stimulated phonon emission whereas
the transfer mechanism in the LG glass may be a single-phonon assisted process
involving spontaneous phonon emission. The behavior of the ED2 glass can be ex-
plained either by two-phonon assisted processes or enhanced absorption transition
strengths due to thermally populating higher Stark components of the ground state
manifold. Further studies are currently underwav to correlite energy transfer
properties with properties of the glass hosts with different compositions.

b L] T T T o P
200F ED2 .-~
----- O—_
m e
3 @ ]
X
............... 0---
A
100 J10
4
15
i
% 360 0

Figure 3
Temperature dependences of average ion-ion energy transfer times.
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V. MISCELLANEOUS STUDIES

The manuscript in Section V.l describes the results obtained using photo-~
acoustic spectroscopy techniques to determine the quantum efficiencies of
several different Nd3+ doped samples. In Section V.2 results are presented

on the spectroscopic property of ruby crystals under hydrostatic pressure.




V.l
Radiationless decay processes of Nd** ions in solids

Richard C. Powell, Dean P. Neikirk, and Dhiraj Sardar

Department of Physics, Oklahoma State University, Stillwatcr, Oklahoma 74074
(Received 8 August 1979; revised 31 December 1979)

Laser photoacoustic spectroscopy measurements were made on Nd* ' ions in garnet, vanadate, and
pentaphosphate host crystals. The variations of signal intensities with chopping frequency of the
incident light are not in agreement with the predictions of standard photoacoustic signal generation
theory. The results are distinctly different for concentrated and dilute Nd-doped crystals, indicating
that the mechanisms for generating heat have different characteristics in these two types of samples.
The determination of radiative quantum efficiencies of these materials by photoacoustic spectroscopy
techniques is also described. These results are compared with those obtained by other methods.

INTRODUCTION

Photoacoustic spectroscopy (PAS) techniques have recently
received a great deal of interest as a method for characterizing
radiationless relaxation processes of ions in solids.!-? We
describe here the results of PAS investigations of Nd** ions
in several ditferent types of host crystals. The datais inter-
preted in terms of radiationless decay, concentration
quenching, and energy migration processes and a method for
determining the quantum efficiencies of the samples is de-
scribed. Problems with understanding the signal generation
process with laser excitation, and problems with the accuracy
ol quantitative measurements are discussed.

Our experimental setup for PAS measurements has been
described previouslv.™* The only difference for the work
described here is that the individual lines of an argon ion laser
were used as the excitation source. The laser power was
continuously monitored and stabilized at a level of 0.15 W,
The exciting light was chopped at frequencies varving from
110 to 2700 Hz and focused onto the samples which were
placed on the quartz exit window of the PA cell. The micro-
phone was mounted at 90° to the exciting light and behind a
baffle to prevent seattered laser light from reaching it. The
signal was sent through a preampilifier to a lock-in amplifier
and read out on a digital voltmeter after adjusting the lock-in
phase for signal maximum. The signal to noise ratio was
better than 100 to 1 in all cases and the measured background
cell signal wus at least 200 times smaller than the sample PA
signal.

The samples investigated were all single crystals between
1 and 2 mm thick and between 5 and 10 mm on a side with
pulished faces. Three types of samples were studied: the
garnets Y;;Al,solz (0.85% Nd). Y3GB50|2 (0.25% Nd),
Y 4(Aly 5Gan 505012 (0.85% Nd), and Nd3GasO,; the vanadate
YVO, (20% and 3.0% Nd); and the pentaphosphates
Nd, Y-, P50,4 with x ranging from 0.1 to 1.0.

Two types of experiments were performed: the measure-.
ment of PA signal intensity versus chopping frequency and
the determination of quantum efficiencies.

I. PA SIGNAL VERSUS CHOPPING FREQUENCY

The PA signals at maximum phase were recorded at 12 or
more chopping frequencies v, after excitation with the 5145-A
line of the argon laser. Examples of the results are shown in
Figs. 1-3. For both samples of YVO,.:Nd3*, the PA signal
varies as v_' throughout the entire range of {requencies. For
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all three of the lightly doped garnet samples, a v.' dependence
was also observed as shown for Y;A1,0,:Nd* in Fig 2.
However, {or the concentrated neodymium gallium garnet
sample the PA signal was observed to vary as v, ¥* throughout
the entire frequency range. For the pentaphosphate crystals
the 10% Nd sample exhibits a A signal intensity which varies
as »7' uver the entire ffequency range while the PA signal for
the 100% Nd sample varies as »7' up Lo about 450 Hz and then
varies as v at higher frequencies. Samples with interme-
diate Nd concentrations have PA signals which varv as »7"
where n is intermediate between 1.0 and 1.5.

Understanding the results described above poses u difficult
problem in the light of current theories for photoacoustic
signal generation. Three parameters are necessary for the-
oretical analysis of PA measurements: the sample thickness
{, the optical penetration depth {,,,, and the thermal diffusiun
length {5, For the samples investigated [ is between 1 and
2 mm. The optical penetration depth is characterized as 1/or
where « is the absorption coetficient at the wavelength of the
exciting light. For the laser line used for excitation, (,,, i of
the order of 80 mm for the lightly doped samples and ap-
proximately 0.7 mm for the concentrated Nd sample<. The
former (L, > ) is the “uptically thin” case while the latter ({,,,
< 1) is the “optically thick" case.

The thermal diffusion length is given by {,y, = 3/7v. .
where J is the thermal diftusivity. For garnet crystals® 3 is
about 5.0 X 10~2 ecm?s~!, whereas in NdP<Oy, 3 is anisotropic
with the largest value being about” 1.0 X 10-2¢cm?s-!. The
thermal diffusivity of YVO, should be uf the same magnitude
as that for the garnets and pentaphosphates. Thus for the
range of chopping frequencies investigated, (), varies from
about 55 down to 10 um. For all samples [\, << {, which is the
“thermally thick” case. Also, lyy <[,y for all samples inves-
tigated.

For a thermally thick case with [y, < I, as investigated here
the Rosencwaig-Gersho (RG)8 theory predicts that the PA
signal intensity will vary as »”%2 Only if I, > I, should a »]!
dependence be observed. Obviously there is a striking dif-
ference between these theoretical predictions and the data
shown in Figs. 1-3 for the lightly doped samples. A possible
explanation for this discrepancy is the difference in dimen-
sionality between theory and experiment. The RG theory is
based on a one-dimensional model where the thermal gradient
at the boundary between the excited surface and the gas
causes uniform heat flow back into the cell. In the experi-
ments described here only a small area of the total sample
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FIG. 1. Photoacoustic signal intensily as a function of chopping frequency
tor Nd-doped YVO, crystals.

surface is excited by the laser and the heat is generated in a
cylindrical volume within the crystal. Near the front surface
the dominant temperature gradient is still that between the
sample and the gas, and the heat generated in this region
diffuses to the surface and contributes to the PA signal as
predicted in the one-dimensional model. However, in the
interior region of the sample the dominant temperature gra-
dient is radially outward from the heated cylinder. A three-
dimensional photoacoustic theory which accurately models
the details of our experiment has recently been developed.?
The predictions of this theory have been shown to be in ex-
cellent agreement with our data with no adjustable parame-
ters.

It. DETERMINATION OF QUANTUM EFFICIENCY

The accurate determination of absolute quantum ef-
ficiencies of ions in solids has been an experimental problem
of interest for many years. It has been hoped that PAS
techniques will provide a method for doing this and we de-
suribe there the results of measuring the quantum efficiencies
of the neodymium-doped crystals. The maximum PA signal
intensity and the phase at signal maximum were recorded for
excitation wavelengths of 4765 A and 5145 A at chopping
frequencies of 312 and 1000 Hz.

The PA signal at phase angle # can be described by

[o0) = CIPa/Ey) T Y E,; cosly + tan~' (2w, 7;) — 0], (1)
i

where P, and E, are the power absorbed and the energy of the
level where absorption uccurs, C is a factor accounting for the
properties of the cell and detection system, and o7 is the
probability for a nonradiative transition between levels i and
J separated by energy E;, where the initial state has a lifetime
r;. The summation is over all relaxation processes that occur
alter absorption. ¥ is the phase shift due to the decection
process.

The summation in Eq. (1) can be evaluated by considering
the energy-level scheme and transitions for Nd** ions shown
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FIG. 2. Photoacoustic signal intensity as a function of chopping frequency
for Nd®* ions in garnet crystals.

in Fig. 4. For the lines of the argon laser used for excitation,
absorption occurs in either the 4G or *G gy levels at energies
E7 and Eg. This is followed by a cascade of nonradiative
decay processes to the 4Fa0 metastable state.  From this level
radiative decay can occur with a rate Wy o the various 4/,
multiplets with branching ratios b5,. Nonradiative decay
processes within the 4/ term return the ion to the ground state.
The metastable state can also relax through direct nonradi-
ative processes with a rate Wy or through cross relaxation
transitions with neighboring Nd?* ions. This process is
generally referred to as concentration quenching and occurs
at a rate Wx. The quantum efficiency, probability of non.

100

i AL

XPA(arb. units)
L

A P |

A A 'S '
100 200 400 1000 2000 4000
Ve (H2)

FiG. 3. Photoacoustic signal intensity as a function of chopping frequency
for Nd.Y|_.P50u crystals.

Powell ¢t al. 487




— T E T S o—— T
22 where
0[57 4Gwz
: (< gz QE + Py + Px = L. (5)
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radiative decay, and probability of concentration quenching
of the metastable state are given by

QE = Wi/ (Wg + Wap + Wy), (2)
Py = Wari{Wy+ Wag + W), 3)
Py = WyitWgr + Wap + Wy, (4)

]

AE-scosty — 0-1 + AE; cos[¢ + tan~ ' 4 27r, 75

~ ] = Egreosd = 1) = Eqycosly + tan™' 2z, 75) — ]

for Nd** ions in Y3Al5049, YVOyq, and Nd, Y, -, P;014 crystals.
Since unly the ‘£ level has a long enough lifetime to cause
a phase shift in the PA signal, the evaluation of Eq. (1) with
the model of Fig. 4 gives

Ta0) = C(P,/E  NE g5 costy — 0)
+(Eq — RQE)cos[y + tan™ (2xv.75) = 0}l, (8}

where
k= Lk = boglegy = bsuliy = beakiny, 7)

and 75 is the lifetime of the /'y level.

One of the problems in making absolute photoacoustic in-
tensity measurements is the determination of the factor ¢
representing cell and system response characteristics. To
eliminate this factor we took the ratio of PA signals at two
different excitation wavelengths. If we assume that the re-
sponse characteristics of the svstem are approximately con-
stant at least over a limited spectral region, the unknown
factor cancels out and upon solving 1or the quantum efficiency
gives

E=
« kA cosly + tan~1(2xr.T5)

where
A= Uu IWEg/E- 0P/ Py). )

I'he phase shift due to equipment response ¥ poses anuther
problem.  This was handled by deriving a second equation
tound from maximizing Fq. (6) with respect to # and again
solving for quantum efficiency:

1 E ssin(d = 0,)

WE =~ + Eq (10)
J k\sinly + tan~ ! (2rw.75) — 0, !

Similar equations exist for the two different excitation
wavelengths. These two equations along with Eq. (8) can be
solved simultaneously in an iterative way to obtain a unique
value for @F. To check the uniqueness of the result, the
procedure was repeated for data ubtained at both chopping
frequencies.

The quantum efficiencies obtained by the above procedure
are listed in Table [, Y3Als0;.:Nd was the only one of the
garnet samples analyzed because some of the important pa-
rameters, such as branching ratios, are not vet established for
the gallium garnet and mixed garnet host crystals. A value
of 0.60 was found for the quantum efficiency of Nd3* in this
host. This is much smaller than the value of 0.91 that is
predicted by Judd-Ofelt theoretical calculations.!! However,
it is quite close to the value of 0.56 obtained by Singh et al. 12
by direct measurement techniques and the values of 0.48 and
.63 obtained by using indirect laser-pumping techniques.!*14
The variations in measured values may be due to samples
having different Nd3* concentrations and thus different levels

(8)

= s} = cosly + tan~ "2, 75) ~ 4t

[
of concentration yuenching.  Polycrystalline powders of
Y5A15012:Nd have heen found to have a quantum efficiency
cluse Lo 1.0 but this is greatly reduced when single crvstals are
formed.}> This has been attributed to crystal defects acting
as quenching centers!'® and thus explains the apparent dis-
crepancy between measured values and theoretical predic-
tions.

The results obtained for the 2.0% and 3.0% Nd-doped Y VO,
crystals give quantum efficiencies of 9.59 and 0.54. respec-
tively. Calculations by Judd-Ofelt theory!s predict a QF

TABLE I. Quantum efficiencies.

QE
Sampie PAS method Other methods  Reference

Y1Als042 091 (10)

0.56 (11)
(0.85% Nd) 0.60 0.48 12y

0.63 13)
YVO, - 0.72 (151
(2.0% Nd) . 0.59 0.5 ra)
(3.0% Nd) 0.54 0.51 \a)
Nd, Y\ ;014 0.40 (16)
(100% Nd) 0.45 0.50 (hy
(50% Nd) .60 0.66 (b)
(10% Nd) 0.90 1.00 th)

(a) From lifetime meusurements and the radiative lifetime of (15).
th) From lifevime quenching measurements ol (4).

e ———
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value of 0.72. For the relatively high concentrations of Nd
in our samples, concentration quenching will lower the mea-
sured QE from this theoretical value. Use of the calculated
radiative lifetime and our measured {luorescence lifetimes
predicts values of QE of 0.53 and 0.51 for our samples. No
direct measurements of QF for Nd in YVOy are available for
comparison.

For NdP;0y; crystals a value of QE of 0.45 was obtained,
which is close to the value obtained by Auzel ¢t al. ! through
relative PAS measurements on powdered samples. The
combination of this result with the measured concentration
guenching of the fluorescence lifetime* predicts a QE for the
44, 4 tevel in the absence of concentration quenching in this
system ot .90, This is consistent with the values of QF found
for tightly doped Nd, Y-, P,0\4 as listed in Table I. Nodi-
rec! measurements of quantum elficiency in this system is
available for comparison.

il. DISCUSSION AND CONCLUSIONS

The results presented here on the frequency dependence
of the PA signal intensity on a varietv of lightly doped and
neavilv doped samples show that there is still much work to
be done in developing an accurate theoretical description of
P A signal generation under typical experimental conditions.
An attempt was made to better simulate the une-dimensional
model upon which theoretical calculations have been based
by using a lens to disperse the incident laser beam over most
of the sample surtace. However, when this was dgne a very
different frequency dependence of the signal was obtained
which was less than linear over most of frequency range,
reached a maximum at about 100 Hz, and decreased at lower
trequencies.  This erratic dependence appears to be due to
scattered-light and cell-surtace etfects. The experiments were
again repeated with no lens used, resulting in an excited area
of about | mm in radius. ‘The results obtained under these
conditions are the same as those shown in Figs. 1-3. Finally,
to ensure that scattered light was not affecting the results
obtained with small-area excitation, the laser was tuned to
1880 A, This wavelength of light is not absurbed efficiently
by Nd** ions and, therefore, the sample PAS signal should be
essentially zero while the scattered light signal should be ap-
proximately the same as for the 5145-A excitation. It was
found that the scattered light signal was approximately one-
and-one-half order of magnitude smailer than the smallest
sampie PAS signals. It should be emphasized that the spec-
ular reflection from the polished sample surtace came back
out through the front window of the celi and was measured to
he approximately the same for both excitation wavelengths.
These ¢xperiments indicate that experimental artifacts such
as scattered light are not affecting the data. Also fur samples
of the tvpe investigated here the small-diameter laser heam
appears to be favorable to the dispersed excitation source and
it is important to further develop theoretical models to ac-
count fur these tvpes of experimental conditions.

Recent work has been presented which accounts for some
of the three-dimensional aspects of the heat flow problem.'* ¥
The results of Quimby and Yen'® indicate that no matter
where the heat enters the cell from the sample, the one- and
three-dimensional models are equivalent as iong as cell-wall
effects are not important. However, for the experiments
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described in this paper the important point is thut in true
three-dimensional heat flow inside the sample, some of the
heat that is predicted o reach the surfuce in a one-dimen-
sional flow model will actually never reach the surface within
a duty cycle of the experiment. McDonald! has recently
developed a three-dimensional photoacoustic theory based
on a point source lying on the axis of a cylindrical sample.
The new theory developed by Chow? gives a rigorous result
tur arbitrary beam profile. This theory is the most appro-
priate one for comparing with data obtained from our exper-
imental geometry and the good fit that is obtained indicates
that these data are affected by the three-dimensional aspects
of the experiment. The data of Quimby and Yen!? can also
be fit well by this theory.

Another possibility for interpreting the results could he the
dominance of the thermal expansion contribution to the PA
signal.= This term will dominate only of 3 > w10,
where J¢ is the thermal expansion coefiicient, u, is the ther-
mal diffusiun length in the gas, [, is the sample thickness, and
T is the ambient temperature. For an air-filled cell at a
frequency of 100 Hz, u, =~ 2.5 X 1074 em, For Ty = 300 K and
a typical sample thickness of U.15 ¢m, the right-hand -ide of’
the inequality was found to be about 5 £ 1077 K~!. Since the
thermal expansion coelficients of the type of materials in-
vestigated here?! are of the order of 7 X 107% K=, the in-
eyuality does not hold and thus thermal expansion mikes o
negligible contribution to the PA signal.

The method of measuring quantum efficiencies by pho-
toacoustic techniques appears to give results generally con-
sistent with other predictions and measurements. The pro-.
cedure of eliminating unknown system-response properties
by obtaining the ratio of PA signals at two different excitation
wavelengths was first suggested by Rockley und Waugh-= tor
determining the QF of vrganic dye molecules. Two other
attempts have heen made to obtain the G of Nd** ions in
solids.  Auzel et al.'7 studied powdered samples of concen-
trated stoichiometric neodvmium materials and eliminated
equipment response factors by forming a calibration curve
from samples of known quantum efficiencies. Quimby and
Yen® investigated Nd** in a glass host and eliminated the
prublem of equipment response factors by measuring litetime
and DA signal changes on a series of samples with ditferent
concentrations. Their results extrapolated to very low con-
centrations imply that the QF for this system is between .65
and 0.75 depending on the Nd sites selectively excited by the
laser. These values are less than the value of 0.9 measured
by other technigues and theoretically predicted.** % The
chopping frequency used in this previous work was oniv 22 Hz
and this eliminated the necessity for treating the phase-shift
differences ot the PA signal generated by phonons given off
in different relaxation processes. For our experimental setup
we found that the signal to noise ratio decreased below about
100 Hz and thus in our case more accurate data could be oh-
tained at the higher chopping frequencies. Experimentally
this problem of phase-shift differences could be eliminated
by pumping directly into the 4F ;. level.

The most significant problem in the method of obtaining
(?E’s described here is the accurate determination of the pa-
rameter A given in Eq. (3). A change in this parameter by an
amount of oaly 0.01 can change the value of QF by about 0.10.
For the type of samples studied the ratio of PA signal inten-

Powell et af. 489




sities can be measured accurately and the ratio of the energies
of the excitation lines is known exactly. The problem is in
accurately determining the ratio of the power absorbed at the
wwo excitation wavelengths. The major difficulties arise in
measuring the amount of light scattered at the cell window
and sample surface and in determining the exact absorption
coefficients for sharp absorption lines at the positions of very
narrow band laser lines. Thus the values of QE quoted in
Table I should be considered to have an error range of as much
as £0.10.

In conclusion, PAS techniques can he used to obtain in-
furmation on radiationless relaxation processes of ions in
solids. However, it is important to develup-better theoretical
descriptions of the signal generation process when narrow-
heam-diameter laser excitation sources are used. Quantum
efliciencies can he determined even in complicated cases in-
volving numerous radiationless processes if enough infor-
matiun is known concerning energy levels and branching ra-
tivs. However, absolute measurements are difficult and it is
impurtant to develop methods of eliminating cell- and sys-
tem-respunse properties.
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V.2

P EFFRCTS OF PRESSURE ON TH® SFECTRA AND LIFETIMES OF RUBY

% ALO3:Cr” results and interpretation

! The change in the fluorescence lifetime of the R lines of the ruby sample with pressure
is shown in figure 5. Despite the relatively large scatter in the data inherent in making
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Figure 5. Pressure dependence of the lifetime of the R, tluorescence in ruby.

measurementsonsuch asmalisample, itisclearthat the lifetime increases with increasing
pressure. All decay curves were observed to be single exponentials. Itis not clear at this
time whether these results are due to a decrease in the radiative or non-radiative decay
rate of the °E levels of Cr~ with increasing pressure.

The detailed tluorescence spectrum of ruby observed at one atmosphere has been
reported previously (Powell and Di Bartolo 1972). The peaks at 7017 Aand 7049 A are
the N> and N, lines, respectively, arising from exchange coupled pairs of Cr** ions. The
peaks at 6977 A, 6985 A, and 6996 A also arise from pairs, whereas the longer-wave-
length peaks correspond to vibronic sidebands of the R, transition (Kushida and Kikuchi
1967). The pressure dependence of the peak positions is plotted in figure 6 with approx-
imate rates of change of the line positions with pressure listed in table 3. It can be seen
that N, is more sensitive: to hvdrostatic pressure than N, which is consistent with the
uniaxial stress data of Mollenauer and Schawlow (1968). This difference has been
attributed to the details of the interaction between third-nearest-neighbour pairs giving
rise to Ny and fourth-nearest-neighbour pairs giving rise to Ni.

For vibronic lines, table 3 also gives the pressure-induced energy shifts relative to
the R, line shift. These shifts in phonon energiescan be used to estimate mode Grineisen
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Figure 6. Pressure dependence of the long-wavelength side peaks of the R fluorescence of
ruby.

Table 3. Pressure shifts and Gruneisen parameters from the long-wavelength side peaks of
the ruby R flucrescence.

Positions at 1 bar

di dim, _dv
5 v [ ar 4P 4P
{A) (cm ™) tem™¥) (em ' kbar ) tecm ™' kbar ) 7
o977 141333 72 -U.82 = 0.03
6Y8S 14316 89 —
6996 14294 11 —4).88 = 0.03
tN:) 7017 14251 154 ~0.87 = 0.03
Ny} 7049 14186 21y -1.08=0.03
076 14132 273 -0.86 = 0.04 0.11 =0.04 1.0=04
7134 14017 388 -1.86 = (.03 0.11 20.03 0.7 =02
7148 13990 415 -0.99 = 0.03 0.24 =0.03 1.5=4.2
7164 13959 446 -1.14 =004 0.39 £ 0.04 22=02
7156 13916 489 ~0.93 = 0.06 0.22 =106 1.2=0.3
7208 13873 532 ~1.96 = 0.08 0.21 = 0.08 JRUESTR
parameters from the equation
dlnw, Brav ) 1
v = T e —
o 8lnV 8P

where Bris the isothermal bulk modulus which is about 2.57 Mbar for ruby (Finger and

Hazen 1978). The mode ¥'s obtained from equation (7) and the observed data are listed ;
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In l;\blc.B. Thcsc are difficult to compare dircetly with other tvpes of data due to the
uncertainty in tdentifying the vibronic peaks with purticulur puu{ts in the Brillouin L();lc
However, the values obtatned here tfall in the same range as the AlLO; mode
determined from the pressure derivatives of elastic moduli (Gerlich 1970 ‘ °

The pressure variations of the lifetime of the ruby R lines and the positions of the N
lines and vibronic peaks demonstrate the variety of effects that can be studied with
pressure techniques. The lifctime change most probubly reflects changes in the nature
of the crystal tield. The ditferent variations in the positions ot the Ny und N: lines reflect
changes in the exchange interactions between the pairs of Cr'" wons. The change in
vibrome peaks can be attributed o changes in the latuce phonons with increased
pressure. All of these areas warrant further study. but it is obvious that the upplication
ot hvdrostatic pressure can provide a great deal of useful information on the spectral
dvnamics of impurity ions in solids.
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CERIVATICN OF SUSCEPTIBILITY £ FCR

A TWC LEVEL MEZIAT

Zonsider in absorbing media which will he meodeled as in array 27 ~wcC

tevel atoms that can be characterized by dipole moment . and longrz.dinal

and transverse relaxation times t, ind t_, respectively. <CTne <an thern

derive the susceptibility X, where P = ¢ X (Z)E.

B e

i Suprose that a Juantum mechanical system is in staze .ir,z}. Lne
, can expand »{r,t) as dir,c) = C Cq(t}bnfr) ~nere U (x;, 3are a cocmpletsz
: < nor = n =

. - - . < o~ : . e} . 5
Jr=nenormal set ¢f func=ions and \.n‘\t) s Then Time :ependent @XTan-

5icn ccerfficlient. An operator A Das 2axgectaticon vvakue
“A> = I C* R z

The ensenkle average <A> is jiven by “a> = T > A where
mn Tmn omn
z = I*2 or
n jetTERet

<A> = %(;A,nq = Tri(chj . P

Ylow consider an enscmble of two-ievel atcms interacting with 3 time-

narmcnic 2lectrcmagnetic field. The Jdensity matrix is 3 2xI matrix

<

106




99
* . N
i nt ., 2 = . The interaction hamiltonian
with elements P11’ 922, 9127 ®o; %15 ion a
H'(t) is of the dipole type, and can be written as H'(t) = - LE(t). 3ince
the dipole transitions are between states cf definite parity, b1l T oo =

O; and the phases of Ul(g) and Uz(g) can te chosen such that Moy T oegy T

. One can then write the interaction hamiltonian as

[ =2 -uf:(c)"i
i
)

t-JE(t) o]

The unperturbed hamiltonian Ho is given by

where €5 is the enerqgy of the excited state and € is the energy of the

ground state.

Thus the hamiltonian H is given by

The ensemble average <u> of the dipole moment induced by E(t) is

given by

<u> = Tripu) = ulpo,,+0_.) = wulp,.+c.,) . ‘A3
The density matrix satisfies
do _ i, oy .
dt h Lva.g . \p‘. 4)

which becomes
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3 -N% - - - - .

( WE(E) (9, =03 ) ME(£) (D=0, )= (€, E].le;
2.2 L (a-5)
ak & . ,

ME(E) (0,0 ) +(€,€00,)  RELE) (2, ~c] )

Defining the resonant frequency W, =g it follows from (A-3)

-

that

ap., . .
2l . iy - e
rrs = Lugozl + + E(t)(oll 022) LA=6)
dp .
22 _  1ipE(t) * ,
& - & Py (A=7)
and using the normalization condition,
d . _ 2iu o s
3t (Qll 022) = % E(t)(OZl 021) . (A=3)

The above equations of motion for the density matrix do not incluce
collisional effects. When the perturbing field E(t) 1s zurned of£, cne
expects the off diagonal terms in the density matrix to vanish as the
relative phase ccherence among the eigenfunctions »f the ensemple is lost
via collisions. These collisions will conserve the average energy <f
each level, but cause a loss of information about the phases of the
wavefunctions. The jth diagonal element cof the density matrix represents
the fraction of the systems in the ensemble that will give the answer
Ej when the energy is measured. If one takes into account only coll:.s-

ions, these will be given by the Boltzmann factors, iand <he equilibriyum

2
density matrix & 1is
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f . 3

| El/ka 0 !

IR |
- C -z /k.T)!
o} 1 2 b i

| |

-El/ka -Ez/kb'r

where Q = partition function = % + 2

If the perturbing field is turned off, the density matrices will de-

-
cay back to equilibrium with decay constant t = as

L
do . L (P = Puy!
dt tjk

Because of the normalization ccndition, for a two-level system the
relaxation times of the diagonal elements must be equal and is called the
longitudinal relaxation time tl' Since 512 = czl, the oft diagonal
relaxation times are also equal and is called the transverse relaxation
time €, The transverse relaxation time can be thought of as a phase

coherence relaxation time.

after including collisional effects, (A-6) and {A-3) become

de 0

=2l _ . iu - S 3 -
It = lwop21 + h (011 022)5‘5' tz (A=9)
(2,,=0..) = (& =25 )
4 2iUE(t) . 117%22 1177 N
3c P17 7 TR (05,705 t (A=10)

If one assumes that the local perturbing field E(t) is harmonic,

E(t) = Eocoswt; then if w = W the slowfy varying variable =_ (t) may be

21

defined as

s ¢ ’ . (A=11;
Dzl(t) UZl(t)
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Substituting into (A-9), and throwing out the nonsynchronous term ks
which averages to zero, Equation (A-9) becomes
do iuE c
21 . 21
= o o - - —, A=
at i(w wo)czl + TA (Pll 022) t?_ (A=12)

-

Substituting (A-11) into (a-10) and throwing out the nonsynchroncus

23 -2ic
terms 1% ana L 2iwt which average to zero, one obtains
. _ - A - l
L Sy S M b - Ll V-4 (A-13)
at "1l 22 A 21 21 € : ~ms

To cbtain the steady state solutions to the density matrix, the
left hand side of (A-12) and (A-13) is set equal tc zero. The preces-

sion frequency 2 is defined as

znd the steady-state solutions to (A-12) and (A-13) are

2 L
- RSB =0, ,) (wew )
2
Re(0,)) = 2 11 22 o 5 (A-14
1 + 40 t kst tz(w-wo)
2
-
', (8,,-0,,)
Im(g,) = ==L 22 < ta-15)
1+ 46 £ty T cz(w-u )
2 2
1 1+ (w-wo) t2
2,,=0 = (0,,-0,,) { . (A-16)
2 ‘2
12 11 722 1 + (w-w )2t2 + 407t ¢t
o3 2 21
If ¥ is the density of active atems or ions, then AN = N(p 0,.) 1s

11°

22

the average density of the population difference between the two levels,
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)" is the population difference petween the twC levels

and JN\ = N(25

117522

at zero field. From (A-1l9),

2
1 + (w-w ) ¢t
)

o N

AN = AN* { }

2.2 2
1+ (u-wo) tz + 4Q tztl

The macroscopic polarization P is given by

——

P = N<u- or, using (A-=3),

2 =N, + 351) which can be expressed in terms of J__ as

1 21

} P = 2Nu(Re(021)coswt + Im(021)sxnwt)

Substituting in for Re(czl) and Im(0,.), one may write the polariza-

1

cion as

2., 2 .
W ANTE sinwt + (w_-w)t_cosut
2 Q 2. , .
P = E_{ = ~ 1. (A-17)
f o] , - 2 ~=
1 + lu~w ) e, + 407E_«,
o 2 272

Cne may now express the polarization in terms c¢f the susceptibility
1S P

P(t) = < (Re(X))E coswt - £ (Im(X))E sinut ;
o) o o 2

-

zomparing with (A-17), it can be seen from observation that

5
Lt ANl

2 (wo-w)t2

1

; (A-1a

Re(X) = — { =
et 1+ (w-wo)‘t

LIS T 9 4

2
+ 407t ¢

12
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2 2
u tZAN

1
€ 4 J
o]

2 2
-
1 + (w-w) + 49 tltz

Im(X) (A-19)

Now let k be the magnitude of the wavevector at frequency w. One

can identify § = (w-wo)tz ag the normalized detuning from line center;

2
2 . . . .
£, = —42——3 as the line center saturation "intensity"; and
2
t.t
12"
LeANYe_k

X, = TR as the line center small-signal field attenuation coef-
“To

£icient.

Using (A-18) and (A-19), one may write the two-level atom suscertib-

ility * as

(A-20)







